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In jüngerer Zeit werden mitochondriale Genome in großem Umfang für phylogenetische 
Analysen eingesetzt. Für eine umfassende Untersuchung der Phylogenie der Decapoda wurden 
von mir die mitochondrialen Genome von 13 Dekapoden sequenziert. Zusammen mit den in der 
GenBank verfügbaren Sequenzen von 31 D ekapoden und de m von der Universität Bonn zur 
Verfügung gestellten mitochondrialen Genom von Dromia personata deckt dieser Datensatz alle 
großen Teilgruppen der Decapoda ab. 
Für die Rekonstruktion der phylogenetischen Stammbäume wurden die Sequenzen aller 
mitochondrialen proteinkodierenden  Gene und der beiden mitochondrialen rRNAs eingesetzt. 
Maximum likelihood (ML)-Analysen und Bayesian inference (BI)-Analysen der 
Nucleotidsequenzen und Aminosäuresequenzen ergaben bezüglich der Verwandtschaft der 
hochrangigen Taxa ähnliche Topologien: (((((((Anomala, Brachyura), Thalassinida: Gebiidea) 
Thalassinida: Axiidea), Astacidea), Achelata), Stenopodidea), Caridea), Dendrobranchiata). 
Gleichwohl wurde mit den Polychelida ein problematisches Taxon mit ungewissen 
Verwandtschaftsbeziehungen identifiziert. Laut dem ML-Aminosäure-Stammbaum sind die 
Polychelida die Schwestergruppe der übrigen Reptantia. Diese Verwandtschaftsbeziehung steht im 
Einklang mit einigen morphologischen kladistischen Analysen. In den anderen Stammbäumen 
stellen die Polychelida jedoch die Schwestergruppe der Astacidea dar, ein Ergebnis, das von allen 
bisherigen morphologischen und molekularen phylogenetischen Studien abweicht. Auf der Eben 
der Unterordnungen sind die Thalassinida paraphyletisch, was mit einigen morphologischen und 
einigen jüngeren molekularen Studien konsistent ist, alle anderen gebräuchlichen Taxa sind 
monophyletisch. 
Neben dem umfangreichen Informationsgehalt der Nucleotid- und Aminosäuresequenzen 
liefern auch Genarrangements nützliche Daten für evolutionäre Untersuchungen. Innerhalb der 
Astacidea wurde eine Besonderheit des Genarrangements festgestellt. Es handelt sich um eine 
Inversion, die sich vom A-R-N-S-E-F tRNA cluster bis zum I-Q-M tRNA cluster erstreckt und in 
Procambarus fallax f. virginalis und Homarus gammarus auftritt. Im Vergleich mit dem 
Genarrangement des Pfeilschwanzkrebses Limulus polyphemus zeigen beide Astaciden in dieser 
Region exakt dieselbe Inversion wie der Priapulide Priapulus caudatus, die daher innerhalb der 
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Ecdysozoa als konvergent angenommen werden muss. Auch neben dieser Inversion innerhalb der 
Astacidea  zei gen die Genarrangements aller verfügbaren Dekapoden mehrere interessante 
Eigenschaften: 1) häufiges Auftreten konvergenter Ereignisse, 2) die meisten 
tRNA-Translokationen umspannen auf dem Genom große Entfernungen und können nicht durch 
das TDRL Modell erklärt werden, 3) alle an Rearrangements beteiligten proteinkodierenden Gene 
und rRNAs liegen in einer Region, dies sich vom A-R-N-S-E-F tRNA cluster bis zur putativen 
Kontrollregion erstreckt (hot region), 4) zwei Genblocks an den Grenzen der hot region zeigen 
eine hohe Mobilität. Um die beobachteten einzigartigen genomischen Eigenschaften zu erklären, 
schlage ich mit dem „inversion triggered duplication“ Model ein neues Modell für 
Gen-Rearrangements vor. Nach diesem Modell ist eine Inversion der erste Schritt um eine Kopie 
der Kontrollregion (KR) zur anderen Grenze der hot region zu überführen, anschließend kann auf 
einem von drei Wegen  eine Duplikation der ganzen hot region stattfinden. Basierend auf diesem 
Modell wurde der sparsamste Weg der Evolution der proteinkodierenden Gene und rRNA Gene in 
den mitochondrialen Genomen der Decapoda rekonstruiert, allerdings müssen diese Hypothesen 
durch weitere Studien überprüft werden. 
Zusammenfassend lässt sich sagen, dass das mitochondriale Genom auf verschiedenen 
Ebenen ein gutes Potential zeigt, die Verwandtschaftsbeziehungen innerhalb der Dekapoda 
aufzuklären. 
 











Nowadays, mitochondrial genomes are widely used for phylogenetic analyses. For a 
comprehensive study of decapod phylogeny at the mitochondrial genome level, I have sequenced 
the mitochondrial genome of 13 decapods. Together with available sequences of 31 decapods from 
GenBank, and the mitochondrial genome of Dromia personata provided by the Bonn University, 
the dataset now cover all major decapod taxa.  
On the basis of the sequences, I apply all mitochondrial protein-coding genes and two rRNAs 
to reconstruct phylogenetic trees. Maximum likelihood (ML) and Bayesian inference (BI) of the 
nucleotide and amino acid datasets reveal similar topologies at the higher level relationships: 
(((((((Anomala, Brachyura), Thalassinida: Gebiidea) Thalassinida: Axiidea), Astacidea), Achelata), 
Stenopodidea), Caridea), Dendrobranchiata). Nevertheless, one problematic taxon, Polychelida, 
with ambiguous affinities is recognized. According to the amino acid ML tree, Polychelida is the 
sister group of a clade consisting of all other reptantians. This relationship corresponds to some 
morphological cladistic analyses, whereas in all other trees, the Polychelida is the sister group of 
Astacidea, thus forming a pattern different from all previous morphological and molecular 
phylogenetic studies. At the lower level, most taxa are monophyletic, whereas the Thalassinida is 
paraphyletic, which is consistent with some morphological and molecular results.  
In addition to the large amount of information from nucleotide and amino acid sequences, 
gene arrangements provide useful data for evolutionary inference. A notable feature in gene 
arrangements is observed in Astacidea. An inversion spanning from A-R-N-S-E-F tRNA cluster to 
the I-Q-M tRNA cluster occurred in Procambarus fallax f. virginalis, Homarus gammarus, and one 
priapulid Priapulus caudatus. Compared with the gene arrangement of the horseshoe crab Limulus 
polyphemus, both astacids and the priapulid exhibit the same inversion, which is therefore 
supposed to be a convergent event of the clade Astacidea and Priapulida among Ecdysozoa.  
Other than this notable feature observed in astacids, the gene arrangements in all available 
decapods show some interesting characters: 1) convergent events happen frequently, 2) most 
translocations of tRNAs are long-distance translocations and cannot be explained by the TDRL 
model, 3) most protein-coding genes and rRNAs involved in the rearrangements are included in a 
region spanning from the A-R-N-S-E-F tRNA cluster to the putative control region (CR) (hot 
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region), and 4) two gene blocks at the boundaries of the hot region have high mobility. To explain 
these unique genomic features observed here, a new gene rearrangement model is proposed, which 
is called the “inversion triggered duplication” model. In this model, inversion is the first step to 
introduce a CR copy to another boundary of the hot region. Then, the duplication of the whole hot 
region can be formed in three ways. Based on t his model, the most parsimonious way for the 
evolution of the protein-coding genes and rRNA genes on the decapod mitochondrial genome is 
inferred; however, these hypotheses need to be tested in future research. 
To summarize, mitochondrial genomes show a good potential at various levels to resolve the 
relationships within the Decapoda. 
Keywords:  Decapoda, Phylogeny, Mitochondrial genome, Molecular evolution 
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Decapods are undoubtedly the most popular animals of all crustaceans. This group of animals 
includes the “true” crabs (Brachyura), the hermit crabs and their relatives (Anomala), shrimps 
(Dendrobranchiata, Caridea, and Stenopodidea), freshwater crayfish (Astacida), and lobsters 
(Polychelida, Achelata, Homarida and Thalassinida). This is the most species-rich and diverse 
group of Crustacea, which, in turn, is the fourth largest assemblage or clade of animals (behind 
insects, mollusks, and chelicerates) on Earth (Martin and Davis 2001). Decapoda, which has been 
estimated to contain about 18,000 species (De Grave et al. 2009), supports the seafood business 
and benefits marine industries by adding billions of dollars each year to the world’s economy. In 
addition, crabs, lobsters, and shrimps, representing the major groups of marine invertebrates, make 
up Decapoda familiar to nearly everyone. 
Because of the popularity of the decapods, their phylogenetic relationships have been of 
long-standing interest. Over the decades, various hypotheses of decapod relationships have relied 
on information such as animal behavior, adult morphology, larval morphology, and molecular 
sequence data. Despite the above efforts expended on the phylogenetic analysis of Decapoda, 
controversies remain concerning many aspects of the complete picture (Scholtz and Richter 1995; 
Ahyong et al. 2004; Tsang et al. 2008a). 
1.1 Decapods and their controversial phylogeny 
Early classification of decapods based on morphology: According to the earliest 
classification (Latreille 1806), the decapods were subdivided into Macrura and Brachyura, 
depending on the condition of the abdomen. However, this simple classification has been 
questioned by later researchers. In 1834, a  new taxon, Anomala, was established, and placed 
between Macrura and Brachyura by H. Milne Edwards. This new taxon included certain of 
Macrura and Brachyura, and was characterized by a modified abdomen and the sixth pair of limbs. 
However, Edwards’ classification received differing opinions in subsequent studies. In 1880, Boas 
firstly suspected monophyly of Macrura and divided Decapoda into Natantia, i.e, the swimming 
forms, and Reptantia, i.e., the walking forms. His classification received the support of Borradaile 
(1907), although the opinions on the relationships of three natantian groups, namely 
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Dendrobrachiata, Caridea, and Stenopodidea, differed. Boas suggested that Dendrobrachiata is the 
sister group of Stenopodidea, and that Caridea is the sister group of the clade consisting of the 
other two, whereas Borradaile has proposed that Dendrobrachiata is the sister group of Caridea, 
and that Stenopodidea is the sister group of the clade consisting of the other two (Fig. 1.1 a ). 
However, in the following eighty years, the monophyly of the Natantia received a lot of 
disagreements. Finally, according to lots of researchers (Burkenroad 1963, 1981; Felgenhauer and 
Abele 1983; Abele and Felgenhauer 1986; Christoffersen 1988a; Kim and Abele 1990; Abele 
1991), Natantia is thought to be paraphyletic (Fig. 1.1 b, c, d).  
 
Fig. 1.1: Various hypotheses of relationships among natant decapods. From (a) Borradaile (1907); (b) 
Burkenroad (1963, 1981); (c) de Saint Laurent (1980), Abele and Felgenhauer (1986), Abele (1991); (d) 
Felgenhauer and Abele (1983). 
Unlike that of Natantia, the classification of the monophyletic Reptantia has been well 
received. However, the interrelationships of Reptantia are quite controversial. First, Boas (1880) 
separated the reptantians into six groups: Astacidea, Achelata, Polychelida, Thalassinida, Anomala, 
and Brachyura. Later, some researchers (e.g. Borradaile 1907; Burkenroad 1963) modified the 
Edwards’ classification (1834), and divided Reptantia into Palinura (Polychelida + Achelata), 
Astacidea, Anomura (Thalassinida + Anomala), and Brachyura. Since then, controversies about 
the monophyly of the Palinura and Anomura, and the relationships of these reptantian groups have 
never ceased (e.g., de Saint Laurent 1980; Forest and de Saint Laurent 1989; Abele 1991). During 
this period, the discovery of Neoglyphea inopinata (Forest and Chace 1976) is significant, because 
it establishes that Glypheoidea, a group that was thought to have been extinct since the Mesozoic, 
is still extant. Subsequently, this group has been recognized as a sister group of Palinura (Forest 
and de Saint Laurent 1989). Unfortunately, this finding cannot resolve the internal relaionships of 
the reptantians. Until then, depence on a few morphological characters such as tail length 
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(Linnaeus until Boas 1880), gill type (Huxley 1878), number of chelae (Beurlen and Glaessner 
1930), and mode of locomotion (Boas 1880) had not been enough to classify the decapods. A more 
holistic method, integrating a wider variety of characters, was required. 
 In the period of simplistic morphological analyses, several important taxa were erected 
within Decapoda, such as Dendrobranchiata, Caridea, Stenopodidea, and Reptantia. However, the 
relationships of these taxa, especially the internal relationships of Reptantia, such as (1) whether 
the polychelids should be included in Palinura (Borradaile 1907; Burkenroad 1981; Abele 1991), 
(2) the systematic position of the thalassinids and whether it is a genuine monophyletic group 
(Gurney 1942; de Saint Laurent 1973), (3) which animals should be placed within the “Anomala” 
(Borradaile 1907; Martin and Abele 1986) or should be excluded from it (Burkenroad 1963, 1981; 
Kaestner 1970), and (4) whether the dromiaceans should be included in the Brachyura (e.g., 
Gurney 1942; Guinot 1978, 1979; de Saint Laurent 1979b, 1980a; Williamson 1988; Martin 1991; 
Abele 1991; Spears et al. 1992), were quite controversial. 
Classification of decapods based on morphological cladistic analyses: The first cladistic 
study on de capods was conducted by Martin and Abele (1986), who followed the concepts of 
phylogenetic systematics (Hennig 1966) and scored 54 morphological and ecological characters to 
analyze the phylogenetic relationships within Anomala. Their research provided a good example 
for later studies. Then, in 1995, Scholtz and Richter used a cladistic method to investigate the 
relationships within Reptantia (Fig. 1.2.A); four clades within Reptantia, namely the Eureptantia 
(Achelata + Macrochelata), Macrochelata (Homarida + Fractosternalia), Fractosternalia (Astacida 
+ Thalassinida + Meiura), and Meiura (Anomala + Brachyura), were proposed, and the 
monophyly of three traditional groups were negated, according to their analyses. First, they 
disagreed with the monophyly of Astacidea (Astacida + Homarida) and placed Homarida as the 
sister group of fractosternalians. Second, they disagreed with the monophyly of Palinura and 
placed Polychelida as the sister group of eureptantians. Third, they disagreed with the monophyly 
of Anomura and placed Thalassinida as the sister group of meiurans. Later, these phylogenetic 
relationships obtained support from Schram’s (2001) study, which was computerized and 
integrated a number of morphological characters.  
Subsequently, Dixon et al. (2003) (Fig. 1.2.B) expanded the data set of Scholtz and Richter, 
increased the taxonomic sampling, and improved the coding of characters to elucidate the 
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relationships among Reptantia. Finally, three new clades within Reptantia were proposed from 
their results: Astacura (Glypheoidea + Astacida + Homarida + Thaumastochelida), Sterropoda 
(Thalassinida + Eurysternalia), and Eurysternalia (Achelata + Meiura). Different from the 
classifications proposed by Scholtz and Richter, their data support the monophyly of Astacidea 
and place it as the sister group of Glyphoidea. Finally, only two parts are the same in these two 
topologies: Polychelida is the sister group of the rest reptantians, and Anomala is the sister group 
of Brachyura. Later in 2004, Schram and Dixon introduced additional fossil evidence to their data 
matrix and obtained the same phylogenetic tree as the previous one of Dixon et al. (2003). 
 
Fig. 1.2: Hypotheses of phylogenetic relationships among Decapoda lineages based on morphological 
cladistic analyses. (A) Scholtz and Richter (1995) and Schram (2001); (B) Dixon et al. (2003) and 
Schram and Dixon (2004).  
Although the different parts in these analyses of the decapod phylogenetic relationships are 
noteworthy, some agreements occur, such as the paraphyletic Natantia leading to a monophyletic 
Reptantia, Reptantia being composed of polychelids and eureptantians, the traditional 
monophyletic group Palinura (Glypheoidea + Achelata + Polychelida) and Anomura (Thalassinida 
+ Anomala) not being monophyletic, and Anomala being the sister group of Brachyura, which 
together form Meiura.  
Phylogenetic studies among decapods using molecular data: Molecular data provide 
another way to address these issues. Abele (1991) first used 18s rRNA to investigate the 
phylogenetic relationships within Decapoda. However, this study contained only one astacid and 
two brachyurans in Reptantia, which was not enough to resolve the reptant phylogenetic 
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relationships. Then, in 2004, Ahyong and O’Meally combined the 16S, 18S, and 28S rRNA 
sequences to study reptant phylogeny and obtained a comprehensive reptantian phylogenetic tree. 
Although their results were quite similar to those of Scholtz and Richter (1995), they supported 
the monoplyletic Astacidea. Later, additional molecular data were used to analyze the 
phylogenetic relationships within Decapoda, such as the combination of 16S, 18S, and 28S rRNA 
genes with the histone H3 nuclear genes in the studies of Porter et al. (2005) and Bracken et al. 
(2009), the combination of PEPCK with the NaK nuclear protein-coding genes in the study of 
Tsang et al. (2008), the combination of four rRNA genes (12S, 16S, 18S, 28S), two nuclear 
protein-coding genes for H3 and EF-2, with one nuclear gene (EPRS) in the study of Toon et al. 
(2009). However, all of these studies produced different topologies from the known ones, and 
finally several different combinations of higher level relationships were suggested within 
Reptantia (Fig. 1.3). 
 
Fig. 1.3: Hypotheses of phylogenetic relationships among Decapoda lineages based on molecular data. 
(A) Ahyong and O’Meally (2004); (B) Porter et al. (2005); (C) Tsang et al. (2008); (D) Toon et al. (2009); 
(E) Bracken et al. (2009). 
The previous research on molecular data suggests that the resolution of the systematics of 
decapods based on a small amount of molecular data is an impossible task. Among these studies, a 
few agreements can be obtained regarding high level relationships, such as Dendrobranchiata 
representing a basal lineage within Decapoda. Most questions are still open or more complicated, 
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such as whether polychelids should be removed from Palinura, whether Meiura is the most 
recently derived lineage within Reptantia, the possibility that relationships exist between three 
shrimp-like groups. With regard to the low level relationships, the monophylytic Thalassinida is in 
dispute, and the interrelationships of most decapod taxa are still unclear. Therefore, more 
comprehensive molecular data are needed for the study of decapod phylogenetic relationships.  
1.2 Morphological characters of Decapoda  
1.2.1 Diagnostic characters of natantian groups 
Boas (1880) separated Decapoda into Natantia and Reptantia. Now, Natantia is widely 
accepted as not showing monophyly (Burkenroad 1963, 1981; Abele 1991) but as containing three 
groups: Decdrobranchiata, Stenopodidea, and Caridea. Here, I present some diagnostic characters 
of these three natantian groups, most of which are cited from the descriptions of Burkenroad (1981) 
and Felgenhauer and Abele (1983). 
Dendrobranchiata (Fig. 1.4 A) 
Diagnosis: Eggs are released free and hatch as nauplii or protozoeas. The gills consist of a 
branchial axis, with paired lateral branches. Each branch has subdivided secondary rami. The 
gastric mill is well-developed. The median teeth are strongly armed, and the lateral teeth are 
well-developed. The protocephalon consist of an ocular plate and an epistomial region. The 
epistomal bars are anterior to the labrum. The pleura of the first abdominal somite overlap those of 
the second. Appendices internae and masculinae are absent. The first pleopod in males is modified 
into a complex copulatory appendage, the petasma. The third maxillipeds are pediform, with seven 
segments. The first three pairs of pereopods are chelate. (Burkenroad 1981; Felgenhauer and 
Abele 1983). 
Caridea (Fig. 1.4 B) 
Diagnosis: Eggs are attached to pleopodal setae and hatch as zoeas. The gills are 
phyllobrabchiate, and the branchial axis has pairs of lateral lamellae. The gastric mill is variable. 
The protocephalon consists of an occular plate and an epistomal region, and the latter is usually 
subdivided. The pleura of the second abdominal somite usually overlap those of the first and third. 
Appendices internae and masculinae are usually present. The first maxillipeds generally exhibit 
expansion of the lateral border of the exopod. The third maxillipeds are variable, with three to five 
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segments. The first and second peropods are usually chelate or achelata, but variable (Burkenroad 
1981; Felgenhauer and Abele 1983).  
Stenopodidea (Fig. 1.4 C) 
Diagnosis: Eggs are attached to pleopodal setae and hatch as zoeas. The gills are 
trichobranchiate, and the branchial axis bears numerous irregularly arranged filaments. The gastric 
mill with a median tooth is attached to the subcircular hastate plate. Knob-like teeth occur on the 
margins of the median tooth, and well-developed lateral teeth are present. The protocephalon 
consists of an ocular plate and epistome. The latter with a heavily armed subcircular narrow 
portion is attached to the labrum and is connected by a membrane anteriorly to a narrow portion 
between the antennae. The pleura of the second abdominal somite do not overlap those of the first 
and the third. The first pleopod in both sexes is uniramous. Appendices internae and masculinae 
are absent. The third maxilliped is pediform with seven segments. The first three pairs of pereopod 
are chelate, and the third is enlarged (Burkenroad 1981; Felgenhauer and Abele 1983).  
1.2.2 Diagnostic characters of Reptantia and apomorphic characters of six 
reptantian groups 
Now, the monophyly of the Reptantia is certain, but the interrelationships of the reptantians 
and the monophyly of traditional reptantian taxa are still controversial. In my study, the species 
from six traditional monophyletic reptantian taxa have been sampled: the Polychelida, Astacidea, 
Thalassinida, Achelata, Anomala, and Brachyura. The diagnostic characters of the Reptantia and 
some apomorphic characters for these six reptantian taxa are described below. The diagnostic 
characters of Reptantia are cited from the descriptions of Burkenroad (1981), and most of the 
apormorphic characters are described in the publications of Scholtz and Richter (1995) and Dixon 
(2003). 
Reptantia (Fig. 1.4 D - I) 
Diagnosis: Eggs are hung from pleopodal setae and hatch as zoeas (or later). Arthrobranchs 
and pleurobranchs generally appear simultaneously during development, but pleurobranchs never 
occur anterior to the second leg (pleurobranchs seem to appear later than arthrobranchs in the 
ontogeny of those thalassinids that have any pleurobranchs, whereas arthrobranchs appear later 
than pleurobranchs or are absent on t he second to fourth legs in the Brachyura). Gill branches 
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range from multiple filaments through quadruple or double rows of filaments or flattened narrow 
plates to fully developed phyllobranchs but are never secondarily branched as those in the 
Dendrobranchiata. The number of chelate legs ranges from none to all five pairs (and second and 
third maxillipedes are also occasionally chelate). The first pair of legs is enlarged. Pleopods have, 
but commonly have not, appendix interna. The first pair is uniramous in both sexes and usually 
reduced, modified, or absent. The pleura of the second pleonic somite overlap those of the first 
when pleura are sufficiently well developed. All five articulations between the pleonic somite are 
locked by mid-lateral hinge points when the pleon is large and strong, but the pleon is often 
reduced, and the pleura are often small even when the pleon is well developed (Burkenroad 1981).  
Polychelida (Fig. 1.4 D) 
The basis, ischium, and merus of the second and fifth pereiopods are fused. The fourth 
pereiopod bears true chelae in addition to the first three pereiopods. A pair of knob-like structures 
connects the first pleon segment and the carapace. The characteristic eryoneicus larva has a spiny 
and inflated carpace (Scholtz and Richter, 1995). The opening of the antennal gland is directed 
dorsally, on t o the surface of the antennule. The mandible has a curved palp. The carapace is 
dorso-ventrally depressed and lacks a large rostrum, and its posterior edge forms a strong V-shape 
toward the anterior of the animal. The pleopods are biramous and lack appendices internae (Dixon 
et al. 2003).  
Astacidea (Fig. 1.4 E) 
The transverse groove on the carapace is deep. A diaeresis exists on the exopods of the 
uropods (Dixon et al. 2003). The dactylus orientation of first pereopod is vertical (Ahyong and 
O’Meally 2004). 
Thalassinida (Fig. 1.4 F) 
The first pereiopod is flattened, and the joint is oriented between the propodus and carpus. 
The sternite of the 7th thoracic segment is relatively large and characteristically shaped. The 
carapace has a pair of lateral protrusions, and a median dorsal protrusion occurs along its posterior 
margin resulting in a characteristic lateral notch on either side. A narrow waist lies in the region of 
the first pleomer. A row of setae exists on the second pereiopod. Apposition eyes are present, and 
burrows are complex (Scholtz and Richter 1995; Dixon et al. 2003).  
Achelata (Fig. 1.4 G) 
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The first four pereiopods lack true chelae. The first antenna has relatively short and 
asymmetrical flagella and an elongated peduncle. The first articles of the left and right second 
antennae are fused with each other medially and with the epistome and laterally with the carapace. 
A knob-like structure, positioned above the coxa of the fifth pereiopod, connects the eighth 
thoracic segment with the posterior margin of the carapace. The distal portion of the tail fan is soft 
and uncalcified. Phyllosoma larvae have been observed in many palinurids and scyllarids (Scholtz 
and Richter 1995). The eyestalks of this group have a row of hairs alongside the eye. The second 
antenna is greatly enlarged, resulting in the greatly thickened form found in the Synaxidae and 
Palinuridae, and the enlarged flattened form found in the Scyllaridae. The pleon has prominent 
hinges, and the pleurites are pointed. The telson possesses fixed lateral spines (Dixon et al. 2003).  
Anomala (Fig. 1.4 H) 
The carapace has a w eakly calcified lateral line that ends in a soft field at the posterior 
carapace margin. The basis of the second antenna is located laterally in a triangular notch in the 
anterior margin of the carapace. The coxa-sternite joints of the thoracopods are inverted. The fifth 
pereiopod is reduced in size and kept in the branchial chamber as a cleaning leg. The telson bears 
a vertical and a horizontal suture, which together form a cross. The fifth pereiopod in the late zoea 
stages is reduced in size, slender, and inserted medially between the coxae of the third and fourth 
pereiopods (Scholtz and Richter 1995). The cheliped is rotated so that the dactylus is horizontal. 
The first pleopod of the female is lost (Dixon et al. 2003). 
Brachyura (Fig. 1.4 I) 
The anterior carapace forms a fossa orbito-antennularis, which surrounds the eyestalks and the 
first antenna. The epistome bears a transverse ridge that is fused laterally with the bent margin of 
the carapace to form a characteristic notch. The distal segments of the third maxilliped are bent 
posteriorly and oriented medially. The chelae of the first pereiopod are oriented so that the inner 
side of the palm faces the anterior side of the carapace. All thoracic sternites are fused and form a 
wide sternum with a median groove. The pleon is flattened and ventrally flexed, and the uropods 
are reduced to small intercalary plates. The sexes differ strongly in pleon size, the pleon being 
smaller and narrower in males than in females (Scholtz and Richter 1995). The posterior edge of 
the carapace is straight. The second pleomere is not expanded. The second pleopod passes through 
the first pleopod in the male and together form a functional single gonopod (Dixon et al. 2003). 
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Seven unique characters exist in the foregut (Brösing et al. 2007). The endopod of the first 
maxilliped is characteristically shaped with a rectangular bend to form the bottom of the tunnel for 
the breathing current. The arthrodial membranes of the last thoracic segments are fused to form 




Fig. 1.4: Representatives of nine traditional decapod groups. (A) Dendrobranchiata; (source: 
http://www.thefishsite.cn/articles/518/) (B) Caridea; (source: 
http://commons.wikimedia.org/wiki/File:Prawn_(PSF).png) (C) Stenopodidea; (source: 
http://www.crustacea.net/crustace/www/stenopod.htm) (D) Polychelida; (source: 
http://content.lib.washington.edu/cdm4/item_viewer.php?CISOROOT=/fishimagesandCISOPTR=4642
5andCISOBOX=1andREC=9) (E) Astacidea; (source: 
http://www.asturnatura.com/articulos/artropodos/decapclasi.php) (F) Thalassinida; (source: 
http://www.asturnatura.com/articulos/artropodos/decapclasi.php) (G) Achelata; (source: 
http://www.photolib.noaa.gov/htmls/figb0542.htm), (H) Anomala; (source: 
http://www.asturnatura.com/articulos/artropodos/decapclasi.php) (I) Brachyura, (source: 
http://www.asturnatura.com/articulos/artropodos/decapclasi.php) 
1.3 Methodological background 
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As stated above, morphological analyses leave questions open regarding the phylogeny of the 
internal relationships of decapod groups. Furthermore, conflicts are created by the different 
morphological results. Starting with the early nineties of the last century, numerous 
comprehensive analyses of Decapoda have been published based on molecular data sets (Abele 
1991; Spears and Abele 1992; Ahyong and O’Meally 2004; Porter et al. 2005; Tsang et al. 2008b, 
Bracken et al. 2009; Chu et al. 2009; Toon et al. 2009; Bybee et al. 2011). However, the initial 
hope of the early single gene studies that conflicts and open questions of decapod phylogeny and 
evolution can be easily and satisfactorily resolved by using molecular data has so far not been 
fulfilled. The topologies of the molecular trees published since then are as different and 
contradictory concerning decapod phylogenetic relationships as previous morphological analyses. 
One promise of the new era of phylogenomics is, that with the increase of the number of genes, 
including whole genomes, molecular phylogenetic analyses gain a greater robustness and 
reliability (Madsen et al. 2001; Rokas et al. 2003; Brinkmann and Philippe 2008). In addition, it is 
evident that an increased taxon sampling is necessary to improve the quality of the analyses 
(Bergsten 2005; Wägele and Mayer 2007; Brinkmann and Philippe 2008). Subsequently, more 
mitochondrial genes and nuclear genes were concatenated together to build up large datasets, with 
the hope to reconstruct more reliable and robustly resolved trees compared to analyses based on 
few genes. However, the combination of different kinds of genes such as protein-coding genes, 
rRNA genes, and non-coding nuclear genes made the alignment and the model selection quite 
difficult (Foster 2004; Cox et al. 2008). Also, the partial genes may have lost some important 
information in the missing parts (Philippe et al. 2004; Baurain et al. 2007), which together may 
result in unreliable trees. Therefore, large and reliable datasets are required for resolving the 
phylogenetic relationships within Decapoda based on molecular data. 
1.3.1 The complete mitochondrial genome used as the molecular marker in the 
phylogenetic analyses 
The mitochondrial genome (mt genome) of Metazoa is regarded as a reliable phylogenetic 
marker at several taxonomic levels. Accordingly, mt-data have been widely used in phylogenetic 
analyses of various metazoan groups (e.g. Boore et al. 2005; Liu and Cui 2011).  
1.3.1.1 A general view of the mitochondrial genome 
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The mt genome is an important organellar genome in all eukaryotic cells, which contains the 
evolutionary informations of the organism (Morris 1998). Different from the nDNA, the mt 
genome has its special genetic characters: 1) without the protection of the histones and 
DNA-binding proteins, the mt genome is exposed to the outside directly; 2) the replication is 
quick, and the DNA polymerase γ does not have the proof-reading function, which results in a 
high error rate in replication; 3) each cell contains hundreds of mitochondria, and each 
mitochondrion contains several mt genomes, and therefore, the normal mt genome and the 
abnormal mt genome can coexist in the same cell (called the heteroplasmic state); 4) mt functional 
genes lie close to each other without introns on the genome, i.e., any mutation occurring within the 
mt genome might impact the function of the genes; 5) the expression of the mutated genes in the 
mt genome have threshold effects, i.e., whether the mutated genes have phenotypic effects on the 
organism depends on t he proportions of normal and abnormal genes, and the extent that this 
organism relies on m itochondria-generated ATPs; 6) mitochondria are semi-autonomous 
organelles, with the replication, transcription, and translation of the mt genome being organized by 
the nDNA; 7) an egg cell contains hundreds of thousands of mt genomes, and a sperm cell 
contains only hundreds of mt genomes, and so the maternal inheritance is the main reproductive 
system for the mt genome; 8) the time spent on the replication of the mt genome per unit time is 
proportional to its length, and thus a mt genome with a deletion mutation has the advantage of 
duplication compared with a normal-sized mt genome, i.e., the abnormal mt genome has a trend to 
accumulate in the cells. 
1.3.1.2 Advantages of the mt-genomic sequence used as a molecular marker 
At present, several advantages support the use of the complete mt-genomic sequence as the 
molecular marker in phylogenetic analyses. First, the sequence of the complete mt genome 
provides a l arge dataset for the phylogenetic analysis. Second, the complete genes maintain all 
characters and changes that happened in evolution, all of which are necessary for reconstructing 
the evolution process. Third, the completely sequenced decapod mt genomes that are avialable are 
rapidly increasing in number. Additionally, the dataset with conserved protein-coding genes and 
variated rRNAs has sufficient variation at the lower level and sufficient conservation across groups. 
Finally, our knowledge of the mt genomes is growing, mature models are being constructd, and 
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reliable software packages for both aligning and masking process are being developed, all of 
which are advantages for the construction of reliable phylogenetic trees. 
1.3.1.3 Additional evolutionary information from the mt-genomic structural 
features 
In addition to its sequence being used as phylogenetic markers, several mt-genomic structural 
features (such as genome size, gene contect, gene order, compositional feature, nucleotide 
substitution rate, repeated sequences, non-coding sequences, secondary structure of the rRNAs) 
provide additional informations to investigate the phylogenetic relationships (Gissi et al. 2008).  
Genome size and content: In the metazoan mt genomes, the typical gene complement 
includes 13 pr otein-coding genes, two rRNAs, and 22 tRNAs. In addition, one region, which is 
called CR or D-loop region, is responsible for the initiation and control of replication and 
transcription. The loss and acquisition of the mt genes (sequences) found in the metazoans are not 
often, and the reasons for that are different. The acquisition of the mt genes is the result of 
duplication, whereas the loss of mt genes takes place as follows: the missing mt protein-coding 
genes and rRNAs have been functionally transferred to the nucleus, and the loss of tRNAs is the 
results of functional substitution/replacement, via nuclear tRNAs, which served the needs of both 
cytoplasmic and mitochondrial protein synthesis in these cases (Gray et al. 1998). Due to the rare 
occurrences of these events, the common loss or acquisition found in several close related species 
gives the important informations to trace their evolutionary lineages. 
Gene arrangement: Gene order is various between lineages, with the conserved gene order 
being frequently observed among close related species (Flook et al. 1995; Mindell et al. 1998; 
Dowton and Austin 1999; Macey et al. 2004; Kurabayashi et al. 2006; Mauro et al. 2006; 
Podsiadlowski et al. 2009). In the last decade, gene rearrangements have been accepted as good 
markers for investigating phylogenetic relationships, based on t he rare occurrence and neutral 
seletion of these rearrangements (Boore et al. 1995). Although recent studies show that convergent 
events happen on distantly related species much more frequently than expected, after broadening 
the taxonomic sampling, the homological events, which are important for the phylogenetic 
analyses, are still easy to identify. More recently, the increasing number of completely sequenced 
mt genomes enables the detection of special rearrangements from the comparison of the different 
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types of gene arrangement, and therefore, the rest homological rearrangements are quite useful for 
phylogenetic analyses (e.g., Hickerson and Cunningham 2000; Morrison et al. 2002). 
Other structural features: Some parameters such as mutation pattern, substitution rate, and 
compositional asymmetry are well known as being related to the time that the H strand spends in 
single-strand status during the process of genome replication and vary concerning their genomic 
position in vertebrates (Reyes et al. 1998; Bielawski and Gold 2002; Faith and Pollock 2003; 
Raina et al. 2005; Broughton and Reneau 2006). Moreover, some hypotheses about mt-genomic 
features have also been proposed. For example, “gene content is affected by the ability of 
exchanging genetic material between the mitochondrial and nuclear compartments, the 
permeability or the presence of specific carriers on the mitochondrial membranes, gene 
dispensability and the difference in multimeric structure of the respiratory chain complexes 
between organisms” (Gissi et al. 2008, P. 302); “the secondary structure and size of tRNAs and 
rRNAs are related to characters of the mitochondrial translational apparatus” (Okimoto and 
Wolstenholme 1990, P. 3406), which have already been proved by the unusual structure of mt 
tRNAs, rRNAs, and elongation factors in nematodes (Okimoto et al. 1994; Sakurai et al. 2001, 
2006; Ohtsuki et al. 2002); “The number, size and location of non-coding regions are mostly 
related to the presence of replication and transcription regulatory signals” (Peleg et al. 2004, P. 
525 ). Additionally, the transcription mechanism affects the gene arrangement, for example, some 
genes gather together due to the need of common expression, and the process of replication 
changes the gene arrangement, such as tandem duplications of genomic segments due to 
slipped-strand mispairing or imprecise termination of replication (Boore 2000). 
1.3.2 Methods and software packages used in the phylogenetic reconstruction 
Sequence alignment: Due to the importance of multiple sequence alignment (MSA) for the 
following phylogenetic reconstruction, many software packages (e.g. Clustal family, BioEdit, 
Muscle, Mufft and T-Coffee) are designed to identify the homological sequence in the input set of 
query sequence. Several aligning methods are used for producing an MSA, such as dynamic 
programming technique, and more recently, progressive and iterative techniques. The dynamic 
programming technique constructs the n-dimensional matrix formed in pairwise sequence 
alignment for n individual sequences, and therefore shows to be NP-hard (Wang and Jiang 1994; 
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Just 2001; Elias and Isaac 2006). Progressive technique (Higgins and Sharp 1988; Notredame et al. 
2000; Wallace et al. 2005; Sze et al. 2006) uses a guide tree generated by an efficient clustering 
method to determine the order of following pairwise alignments, and therefore errors generated in 
an early step cannot be corrected. The iterative methods (Hirosawa et al. 1995; Gotoh 1996; 
Brudno et al. 2003) is similar to progressive methods but realign the initial sequences in the 
following steps to improve the accuracy of alignments.  
Alignment masking and processing: It is well known that the quality of the alignment has 
great impact on the phylogenetic analysis (Xia et al. 2003; Ogden and Rosenberg 2006). Therefore, 
many software packages are designed to remove the ambiguously aligned positions (Swofford et 
al. 1996; Grundy and Naylor 1999; Castresana 2000; Misof and Misof 2009). Nowadays, two 
alignment masking methods are used frequently prior to phylogenetic analyses: GBLOCKS 
(Castresana 2000; Talavera and Castresana 2007) and ALISCORE_v2.0 (Misof and Misof 2009). 
These two methods treat ambiguously aligned parts differently. GBLOCKS simply identifies 
conserved blocks which have a certain minimum of nucleotides or amino acids and excludes 
variable parts which are above a threshold of variability (Castresana 2000). However, the choice 
of the threshold for excluding parts of the alignment is thought to be arbitrary (Misof and Misof 
2009). In contrast to this, ALISCORE identifies random similarities by Markov chain Monte Carlo 
(MCMC) resampling within a sliding window. A major difference between both methods lies in 
the treatment of hypervariable sections in less than 20% of all sequences. GBLOCKS deletes these 
sections, but ALISCORE does not identify these parts and thus retains them in the alignment. This 
may have the advantage that potential phylogenetic information in the majority of sequences is not 
lost (Misof and Misof 2009).  
Phylogenetic reconstruction: The most used methods to infer phylogenetic trees include 
maximum parsimony (MP), maximum likelihood (ML), and MCMC based Bayesian inference. 
MP method uses the smallest number of evolutionary events to explain the observed sequence data, 
and then constructs the best phylogenetic tree. However, even in conjuction with some improved 
functions (e.g. MALIGN (Wheeler and Gladstein 1994) and POY (Wheeler et al. 2003)), MP 
method is thought to construct trees only reflecting minimal distinct evolutionary events. ML 
method uses a substitution model to assess the probability of particular mutations, and constructs 
the best tree with the least mutations and the highest probability at each interior node. Bayesian 
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inference assumes a prior probability distribution of the possible trees, and updates the prior 
probability to a posterior probability using models and MCMC sampling algorithms. The best 
bayesian tree has the highest posterior probability distribution. However, ML and Bayesian 
inferences depend a lot on the substitution models, which assume the relative rates of mutation at 
various sites along the sequence. Therefore, the selection of an appropriate model is critical for 
getting a good phylogenetic tree in these two methods. Nowadays, most substitution models are 
independent sites models (e.g. GTR, HKY, JTT, WAG and LG), which assume the changes in one 
site do not  affect the probability of changes in another site. However, in general, each site of a 
gene is under a very specific selective constraint, some sites are more constrained, and some sites 
are less constrained. According to this fact, a new model, the CAT model, is developed (Lartillot et 
al. 2004) to give each site a specific rate in the phylogenetic analyses. This new model is applied 
in some software packages, such as RAxML (Stamatakis et al. 2008) and Phylobayes (Lartillot 
and Philippe 2004), and proves to improve the phylogenetic reconstruction accuracy in later 
studies (Blanquart and Lartillot 2006; Lartillot et al., 2007). 
1.4 Aims of the thesis 
Many internal relationships of decapods are still unclear. To enlighten decapod phylogeny, the 
sequence and the organization of mt genomes have been analyzed by various methods in my 
study. 
The following have been tested with respect to decapod phylogeny hypotheses: 
1. relationships between the three natant lineages and the reptantians 
2. relationships within the reptantians 
3. monophyly of several controversial taxa (Palinura, Thalassinida, Astacidea, and Meiura) 
The following have been tested in the marker choice for phylogenetic relationships: 
1. the combination of mitochondrial protein-coding genes as a molecular marker 
2. the combination of two mitochondrial rRNA genes with protein-coding genes as a 
molecular marker 
3. the organization (gene arrangements) of the mt genome as an additional marker 
The following can be addressed under methodological questions: 




2. Can the incorporation of the site- and time-heterogeneous model improve the 
phylogenetic reconstruction? 
3. Can the addition of two rRNAs improve the phylogenetic reconstruction compared with 
the datasets consisiting of the protein-coding genes? 
4. Do species with a long-branch have an impact on the positions of other groups on the 
phylogenetic trees? 
1.5 Short introduction and overview of parts (A and B) 
Part (A): The organization of decapod mitochondrial genomes. From the analyses of 46 
decapod mt genomes (32 available on t he GenBank, one Dromia personata provided by Bonn 
University, and 13 newly sequenced in my study), 19 types of mt gene arrangements and 11 types 
of mt protein-coding plus RNA gene arrangements have been observed. In this part, a general 
overview of several genomic features (gene content, genome size, architecture) summarizing the 
analyses of all the available decapod data and showing the correlation among nucleotide 
substitution, GC-skew, and genome rearrangement is provided. The possible mechanisms 
functioning in the evolution of the decapod mt genome and possible pathways of mt-genomic 
reorganizations are inferred. This part should provide hints for future research into the evolution of 
the mt genome within Decapoda. 
Part (B): Phylogenetic analyses of decapods using mt-genomic sequences. In this part, the 
phylogenies of the major decapod groups are reconstructed by using 46 de capod mt genomes. 
Various alignments, masking processing, and evolutional models are discussed methodologically. 
Additionally, the impact of Polycheles typhlops, which shows a long-branch in the phylogenetic 
trees, is discussed. Finally, the interrelationships of decapods and the monophyly of several 
controversial taxa (Palinura, Talassinidea, Astacidea, and Meiura), under the most suitable dealing 
methods and evolutional models, are discussed. This part should provide important insights into 
the origin and evolution of the extraordinarily diverse Decapoda. 
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2 Material and methods 
2.1 Species choice and collection 
The taxon sampling was designed to cover all major decapod groups, including 
representatives of all major lineages with at least one representative species. The taxon sampling 
of published decapod mt genomes is unbalanced: 50% brachyurans, 21% carideans, and none or 
only one each in the Astacidea, Thalassinida, Polychelida, and Stenopodidea. For the analyses 
presented in this thesis, 14 decapods were added from seven large groups (Stenopodidea, 
Polychelida, Achelata, Astacidea, Anomala, Thalassinida and Brachyura) (Table 2.1), and 
therefore, at least one representative of each major group was included in the dataset. 
Table 2.1: Classification, sampling locations, and the GenBank accession number of the species 
involved in this study. New species are indicated in grey blocks, and all others have been obtained from 
GenBank 
Superfamily Family Species Sampling Location GeneBank 
Outgroup 
Stomatopoda 
Gonodactyloidea Gonodactylidae Gonodactylus chiragra  NC_007442 
Lysiosquilloidea Lysiosquillidae Lysiosquillina maculata  NC_007443 
Squilloidea Squillidae Squilla empusa  NC_007444 
  Harpiosquilla harpax  NC_006916 
  Squilla mantis  NC_006081 
Ingroup 
Dendrobranchiata 
Penaeoidea Penaeidae Marsupenaeus japonicus  NC_007010 





  Litopenaeus stylirostris  NC_012060 
  Fenneropenaeus chinensis  NC_009679 
  Litopenaeus vannamei  NC_009626 
Pleocyemata 
Caridea 
Atyoidea Atyidae Halocaridina rubra  NC_008413 
Palaemonoidea Palaemonidae Macrobrachium rosenbergii  NC_006880 
  Exopalaemon carinicauda  NC_012566 
  Macrobrachium lanchesteri  NC_012217 




- Stenopodidae Stenopus hispidus 





Eryonoidea Polychelidae Polycheles typhlops Alborán Island, Spain NC_xxxxxx 
Achelata 
Palinuroidea Palinuridae Panulirus japonicus  NC_004251 
  Panulirus ornatus  NC_014854 
  Panulirus stimpsoni  NC_014339 
  Panulirus versicolor 
Aquarium shop, Berlin, 
Germany 
NC_xxxxxx 





Parastacoidea Parastacidea Cherax destructor  NC_011243 
Astacoidea Cambaridae 
Procambarus fallax f. 
virginalis 
Own culture, Berlin, 
Germany 
NC_xxxxxx 
Nephropoidea Homarus Homarus gammarus  NC_xxxxxx 
Enoplometopoidea Enoplometopoidea Enoplometopus occidentalis 




Axioidea Calocarididae Calocaris macandreae Alborán Island, Spain NC_xxxxxx 
 Strahlaxiidae Neaxius acanthus 
Bone Batang island, south 
Sulawesi, Indonesia 
NC_xxxxxx 
Callianassoidea Callianassidae Corallianassa coutierei 
Bone Batang island, south 
Sulawesi, Indonesia 
NC_xxxxxx 
 Upogebiidae Upogebia pusilla Adriatic sea, Italy NC_xxxxxx 
Anomala 
Galatheoidea Galatheidae Shinkaia crosnieri  NC_011013 
 Porcellanidae Neopetrolisthes maculatus 
Aquarium shop, Berlin, 
Germany 
NC_xxxxxx 
Paguroidea Paguridae Pagurus longicarpus  NC_003058 
 Lithodidae Cryptolithodes sitchensis San Juan island, USA NC_xxxxxx 
Brachyura 
Dromioidea Dromiidae Dromia personata Adriatic coast, Croatia NC_xxxxxx 
Bythograeoidea Bythograeidae Gandalfus yunohana  NC_013713 
Portunoidea Portunidae Callinectes sapidus  NC_006281 
  Portunus trituberculatus  NC_005037 
  Charybdis japonica  NC_013246 
  Scylla paramamosain  NC_012572 
  Scylla olivacea  NC_012569 
  Scylla tranquebarica  NC_012567 
  Scylla serrata  NC_012565 
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Potamoidea Potamidae Geothelphusa dehaani  NC_007379 
Xanthoidea Pseudocarcinus Pseudocarcinus gigas  NC_006891 
Grapsoidea Xenograpsidae Xenograpsus testudinatus  NC_013480 
 Varunidae Eriocheir sinensis  NC_006992 
  Eriocheir hepuensis  NC_011598 
  Eriocheir japonica  NC_011597 
2.2 Mitochondrial genome sequencing 
DNA extraction from complete specimens or tissue samples (e.g. from Homarus gammarus, 
Calocaris macandreae) followed a standard protocol. The DNA extraction kit DNeasy Blood and 
Tissue Kit (Qiagen) was used following the manuals. Manufacturer protocols were modified by 
incubating the samples overnight and adding 8 µl RNAse [10 mg/ml] after lysis. For very rare 
(Calocaris macandreae and Neaxius acanthus) decapod specimens, the extracted DNA was 
amplified with the Repli-G Mini Kit (Qiagen). 
Convertional polymerase chain reaction (PCR) was conducted for all mitochondrial gene 
fragments by using published and modified primers (supplementary table S1) that were ordered 
from Tib Mobiol (Germany). Initially, cox1 and rrnS were amplified by convertional PCR with 
universal primers: cox1 primers, (Folmer et al. 1994), rrnS primers (Braband et al. 2006); cox3, 
cob, and nad5 were amplified by using scorpion-based primers, which were designed by our 
laboratory. PCR conditions for cox1 followed the protocol of Folmer et al. (1994): initial 
denaturing step at 94°C for 2 min, 5 cycles comprising denaturation at 96°C for 1 min, annealing 
at 45°C for 1 min 30 s, and elongation at 72°C for 1 min 30 s, 35 cycles comprising denaturation 
at 93°C for 1 min, annealing at 50°C for 1 min 30 s, and elongation at 72°C for 1 min 30 s, and 
finally an extension at 72°C for 5 m in. For the other fragments (cox3, cob, nad5 and rrnS), a 
standard three-step protocol was followed with an initial denaturing step at 96°C for 3 min, then 
40 cycles comprising denaturation at 94°C for 30s, annealing at the recommended temperature of 
the various primers for 30s, elongation at 72°C for 45s, and finally an extension at 72°C for 5 min. 
However, these represent the general steps for all the species; different short fragments were 
obtained for various species (for details, see supplementary table S2). PCR products were purified 
with the QIAquick PCR purification kit (Qiagen). In the case of multiple bands, fragments with 




Single gene sequencing: Over three decades have passed since DNA sequencing based on 
electrophoretic methods has been established (Shendure et al. 2004). An enormous development of 
sequencing technologies regarding automation (Meldrum 2000), parallelization, and 
cost-reduction has occurred, and is mostly based on the principle of the Sanger-sequencing 
method (Sanger et al. 1977). On finishing the laboratory work for this thesis, most samples were 
sent to the AGOWA genomic company (Germany), with only Procambarus fallax f. virginalis 
(Marmorkrebs) being sequenced on an ABI automated sequencer in our laboratory. 
Long-range PCR: the sequencing results of the short fragments were used to design 
species-specific primers for amplifying large overlapping regions of the mitochondrial genomes. 
The species-specific primers for all the sequenced decapds are shown in supplementary table S3. 
The LongRange PCR Kit (Qiagen) was used for preparing long-range PCRs according to the 
manufacturer’s recommendations: 50 µl long PCRs were set up containing 20 ng genomic DNA, 
500 µM each dNTP, 10 µl Q-Solution, 0.4 µM each forward and reverse long PCR primers, 2.5 
mM of the supplied LongRange PCR Buffer (with Mg2+), 0.4 µl of the LongRange PCR Enzyme 
Mix, and sterilized distilled water to bring the final reaction volume up to 50 µl. Thermal cycling 
was performed on an Eppendorf Mastercycler Grandient with an initial denaturing step at 93°C for 
3 min, then 40 cycles of comprising denaturation at 93°C for 30s, annealing at the recommended 
temperature for 30s, and elongation at 68°C for 8 minutes, and finally extension at 68°C for 10 
minutes. Fragments were recognized in 1% agarose gel and purified by using the QIAquick PCR 
purification kit (Qiagen). The various primer combinations and the various long-range PCR 
products for the various decapods are shown in supplementary table S2. 
Long-range PCR product sequencing: for Procambarus fallax f. virginalis, the short gun 
sequencing was used for the three long PCR products (rrnS-nad5, nad5-cox3, cox3-rrnS) at the 
Max Planck Institute for Molecular Genetics (MPI Berlin). First, they were purified and sonicated 
into smaller fragments, then ligated into pUC18, and transformed into E. coli DH10b to create 
plasmid libraries. 100 colonies from the library were picked up to incubate and sequence for each 
product and then assembled based on overlap. For other decapods, the long-range fragments were 
sent to the AGOWA genomic company, and the primer walking single/double-strand method was 
used for sequencing. Finally, the overlaps were recognized in BioEdit 7.0.9 (Hall, 1999) and 
assembled to give the complete genome (except for Calocaris macandreae, Cryptolithodes 
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sitchensis and Neaxius acanthus) by hand.  
Special steps for Homarus gammarus: the long-range PCR result of the fragment cox3-nad3 
in Homarus gammarus showed an huge repeat of the trnE - trnF - nad5, which has previously 
been well recognized between nad4 and nad2, and missed the control region and the former part 
of the rrnS, which is thought to be located in this area. According to this strange result, I tried the 
same primer combination in another specimen and used the new primers (supplementary table S4) 
in both specimens (the former specimen and the new specimen). However, different results were 
obtained with different primer combinations, and some results gave the complete rrnS. Inferring 
that the strange results came from the special secondary structure in this species, I added special 
denaturing steps before the normal long-range PCRs: the addition of 5 µl N1 solution provided in 
the REPLI-G mini kit to 5 µl newly extracted DNA, a wait of 3 min, and the final addition of 
10 µl D1 solution provided in the REPLI-G mini kit to the former mixture. This 20-µl mixture is 
equal to the 5 µl DNA used in the normal long-range PCRs. After adding these steps before 
normal long-range PCR, the clear results for this special part of the control region were obtained. 
2.3 Data analyses prior to phylogenetic tree reconstruction 
Following the laboratory work, procedures of sequence processing, data quality assessment, 
multiple sequence alignment reconstruction, and evaluation were carried out. The resultant 
alignments provided the basis for the phylogenetic tree reconstruction. The methodological 
emphasis was the use of various software types and the design of process flows (or “pipelines”) to 




Fig. 2.1: Phylogenetic analyses prior to tree reconstruction. The five major steps are in light brown, and 
the detailed steps for each major step are in yellow. The descriptions of each step can be found in the 
following text. 
2.3.1 Sequence concatenation and annotation 
All resultant sequence electropherograms were analyzed and assembled by using the software 
programs SeqMan (DNASTAR, Lasergene) or Bioedit 7.0.9 (Hall 1999). On finding the overlaps 
between the fragments, all the sequencing results were combined together to obtain the whole 
mitochondrial genome sequence. Sequence annotations were subsequently performed by using the 
software Artemis Release 8 (Rutherford et al. 2000). Opening reading frames (ORFs) including 
more than 100 nuc leotides were recognized first. Protein-coding genes were identified by 
"blasting" these ORFs on the NCBI, and the gene boundaries were identified in comparison with 
alignments of other decapod protein-coding genes. The remaining protein-coding genes, ribosomal 
RNA genes, and putative control region were recognized by the possible positions and then by 
blasting with other available decapod protein-coding / rRNA genes and checking the potential 
secondary structures for the control region. The structures and positions of most transfer RNAs 
were identified by using the web-server of tRNA-scan SE (Lowe and Eddy 1997), whereas the rest 
were identified by their potential secondary structures and anticodons. The circular display of the 
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completely sequenced decapod mitochondrial genomes was depicted by OGDRAW version 1.1 
(Lohse et al. 2007) and modified manually. Sequence data were deposited at the NCBI database. 
2.3.2 Multiple sequence alignment (MSA) 
Protein-coding genes: the protein-coding sequencing (nucleotide type) of all the available 
decapods was retrieved from the GenBank and prepared in different txt files. Finally, 46 species 
were used in the analyses, and five stomatopods were chosen as outgroups. The gene nad2 was 
excluded from the analyses, because it was lost or half-lost from two clawed lobsters (Homarus 
gammarus and Enoplometipus occidentalis), and it is substantially derived among the 13 
protein-coding genes in the nucleotide divergency rate analysis (see Fig. 3.1). Alignments of every 
single gene were performed with ClustalW (Thomson et al. 1994) as implemented in Bioedit 7.0.9 
under the default setting. For the nucleotide dataset, they were aligned related to their amino acid 
pattern by using the invertebrate codon table (codon 5) and later transformed them to the 
nucleotide type. The former ambiguous part and the final terminators were deleted by hand. The 
final amino acid dataset was transformed directly from the aligned nucleotide dataset to keep the 
two datasets unanimous.  
Ribosomal RNA genes: the same 46 d ecapods that had completed rrnS and rrnL rRNA 
sequencing were included in the analysis. Complete rRNAs sequencing of available decapods were 
retrieved from the GenBank. Due to inhabiting expansion segments and ambiguous regions with 
variable length polymorphisms, these genes require a different estimation and judging for 
introducing gaps (Katoh and Toh 2008). In my study, sequence alignments were performed for 
each rRNA genes separately with the newly applied alignment programs MUSCLE (Edgar 2004a; 
2004b), MAFFT (Katoh et al. 2002) and T-COFFEE (Notredame et al. 2000). The standard 
settings were used for all alignment programs. Tests of all resultant alignments have indicated that 
the LINSI-algorithm of MUSCLE is more reliable for rRNA genes than other programs. 
Additionally, with regard to time and efficiency, MUSCLE performed best in all tested programs. 
2.3.3 Dataset construction 
For phylogenetic analyses, three concatenated datasets, namely, mitochondrial amino acid 
alignments from 12 protein-coding genes (AA dataset), mitochondrial nucleotide alignments from 
12 protein-coding genes (NT dataset), and mitochondrial nucleotide alignments from 12 
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protein-coding gens plus two rRNAs (Genome dataset), were built. Complete mt genomes of 32 
decapods were retrieved from GenBank, and the complete genomic sequence of Dromia personata 
was provided by Bonn University (Germany). Finally, three datasets including 46 decapods 
covered all high ranking decapod groups were used in the analyses. 
2.4 Alignment evaluation and processing 
Alignment assessment: the software packages ALISCORE_v2.0 (Misof and Misof 2009) and 
GBLOCKS version 0.91b (Castresana 2000; Talavera and Castresana 2007) were used to identify 
ambiguous or randomly similarly aligned sections. ALISCORE is a new program with a 
parametric approach and relies on defined models of sequence evolution. Some authors (Wägele 
and Mayer 2007; Dress et al. 2008; Wong et al. 2008; Misof and Misof 2009) have argued this 
new technique will result in a m ore objective and reliable procedure for the inference of 
topologies. In contrast, GBLOCKS, the currently most frequently used program does not make 
explicit use of models of sequence evolution, which makes its usage “subjective”. In this thesis, 
both types of programs will be used to evaluate the datasets.   
ALISCORE generates profiles of randomness by using a sliding window approach. Sequence 
positions within this window are assumed to have random-like nucleotide patterns when the 
observed score does not exceed 95% of scores compared with random sequences of similar 
window size and character composition generated by a Monte Carlo resampling process. 
ALISCORE generates a list-file of all putative randomly similar sections. No distinction is made 
between random similarity caused by mutational saturation and alignment ambiguity. The default 
settings were used, the window size was 6 (w = 6), gaps were treated as ambiguities (- N option), 
and the maximum number of possible random pairwise comparisons (- r option) was analyzed. 
GBLOCKS is familiar to scientists in this field. It identifies conserved blocks that have a 
certain minimum of nucleotides or amino acids and excludes variable parts that lie above a 
threshold of variability (Castresana 2000). The following parameters were used in GBLOCKS: 
minimum number of sequences for a conserved position: 24; minimum number of sequences for a 
flanking position: 39; maximum number of contiguous nonconserved positions: 8; minimum 
length of a block: 5; allowed gap positions: with half. 
Alignments masking: Sequence positions identified in the ALISCORE analysis to be 
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randomly similar (low scores) were excluded in the program ALICUT (Kϋck 
http://utilities.zfmk.de). With regard to GBLOCKS, output files in the assessment part were 
previously masked. The masked rRNAs were appended to the masked protein-coding genes to 
construct huge complete masked mitochondrial genome dataset.  
2.5 Phylogenetic tree reconstruction 
Concatenated datasets included 46 decapods covering all high ranking groups within the 
Decapoda and five stomatopods used as outgroups. Both maximum likelihood and Bayesian 
analyses were performed in two different programs for all the datasets.  
Maximum likelihood (ML) analyses: ML analyses were performed by using Treefinder 
version October 2008 (Jobbs 2008) and the RAxML Web Servers (http:// phylobench.vital-it.ch / 
raxml-bb / index.php) (Stamatakis et al. 2008). The optimal models were proposed for every 
single gene from a set of predefined candidate models useful for animal mitochondrial genes in 
Treefinder, and branch statistical supports were obtained after 100 b ootstrap replicates. All 
selections were performed following the Akaike information criterion (AIC). In RAxML, a 
partitioned model optimization was carried out in that the datasets were partitioned according to 
the different genes. The GTRCAT+G+I model as the default nucleotide model in RAxML was 
used for the NT and Genome datasets, and MtRev+G+I was used for AA dataset according to the 
results of ProtTest version 1.4 (Abascal et al. 2005). The models were the same for each partition 
but optimized in an unlinked manner between the partitions, and branch statistical supports were 
obtained after 1000 bootstrap replicates. 
Bayesian analyses: Bayesian analyses were carried out by using MRBAYES version 3.1.1 
(Ronquist et al. 2005), and Phylobayes 3.2e (Lartillot and Philippe 2004). In MRBAYES, the best 
fit models for nucleotides were selected by the MODELTEST version 3.7 (Posada and Crandall 
1998) and for amino acids were selected by ProtTest version 1.4. M arkov Chain Monte Carlo 
analyses were performed for 1,000,000 generations in two chains. The Bayesian posterior 
probability (BPP) of each tree partition was estimated by sampling the trees every 1,000 
generations after discarding the first 10%. In Phylobayes, the CAT model for the AA dataset and 
the CATGTR model for the NT and Genome datasets were used to construct the trees. Two 
independent chains were run in Phylobayes, and convergence was evaluated by running the 
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“bpcomp” program. I assumed the analyses converged well once the maximal difference among 
all observed bipartitions was 0.1, and that the analysis sampled the tree space well enough when: 
0.1 < maximal difference among all observed bipartitions < 0.3. Accordingly, majority rule 
consensus trees with minority components were never built for tree samples when the maximal 





3.1 Part (A): What can the organization of decapod mitochondrial genomes tell 
us? 
3.1.1 Mt-genomic contents of 13 newly sampled decapods 
Dromia personata is provided by Bonn University, and therefore, the genomic organization is 
only shown in the Disscussion part. 
1. Stenopus hispidus (Stenopodidea: Stenopodidae): the genomic organization is shown in 
Fig. 3.1 A. The full length of mt genome is 15,527 bp and contains 13 protein-coding genes, two 
ribosomal RNAs, and 23 transfer RNAs. Most genes (24 of 38; 63%) are located on the positive 
(+) strand, while the remaining 14 genes are located on the negative (-) strand (Supplement Table 
S3). A 792-bp length of non-coding nucleotides occurs in intergen regions, with the largest region 
(713 bp) being located between rrnS and trnI, which might be the putative control region. 
Out of the 13 protein-coding genes, nine lie on the heavy strand, whereas four (nad5, nad4, 
nad4L and nad1) occur on the light strand. All protein-coding genes appear to start with the codon 
ATN. 12 genes possess TAA as their termination codon. A truncated termination codon (TA) is 
observed in nad1. 
The mt rRNA genes lie on the light strand, with rrnL being flanked by nad1 and trnV, and 
rrnS lying between trnV and trnQ.  
One pseudogene of trnQ is found on this genome and has the same sequence as the normal 
trnQ. All secondary structures of the tRNAs are determined by tRNAscan-SE 1.21 (Supplement 
Fig. S1). The trnK exhibits one mismatch on the acceptor stem and anticodon stem, respectively. 
The trnA and trnE bear a mismatch on the acceptor stem, and trnV bears a mismatch on the DHU 
stem. 
2. Polycheles typhlops (Polychelida: Polychelidae): the genomic organization is shown in 
Fig. 3.1 B The full length of the genome is 16,221 bp and contains 13 typical protein-coding 
genes, two ribosomal RNAs, and 22 transfer RNAs. Most genes (24 of 37; 65%) are located on 
the positive (+) strand, while the rest 13 genes are located on the negative (-) strand (Supplement 
Table S3). A 1308-bp non-coding nucleotides occurs in intergen regions, the largest region (704 
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bp) being located between rrnS and trnI, which might be the putative control region. In addition to 
the putative control region, another two large non-encoding regions (> 100 bp) have been found 
on the genome: 185 nucleotides located between trnS-UCN and nad1, and 182 nucleotides located 
between nad5 and cob.   
Nine of the 13 protein-coding genes lie on the heavy strand, while four (nad5, nad4, nad4L, 
and nad1) occur on the light strand. All protein-coding genes appear to start with the codon ATN, 
and ten genes possess TAA as their termination codon. Truncated termination codons (TA or T) 
are observed in nad1, nad5, and cob. 
The mt rRNA genes lie on the light strand, with rrnL being flanked by trnL1 and trnV, and 
rrnS lying between trnV and trnQ.  
20 tRNAs are determined by tRNAscan-SE 1.21 (Supplement Fig. S2). The manually folded 
trnS-UCN exhibits one mismatch on the DHU stem, and other stems appear intact and well-paired. 
Another manually folded trnQ exhibits one mismatch on the TψC stem, and other stems also 
appear intact and well-paired. For the other tRNAs, trnT bears one mismatch on t he anticodon 
stem and one mismatch on the TψC stem; trnE, trnI, trnL-UAA, and trnF have one mismatch on 
the acceptor stem; trnS-UGA and trnW exhibit one mismatch on the anticodon stem; trnM and 
trnY bear a mismatch on the TψC stem. 
3. Panulirus versicolor (Achelata: Palinuridae): the genomic organization is shown in Fig. 
3.1 C. The full length of the mt genome is 15,767 bp and contains 13 typical protein-coding genes, 
two ribosomal RNAs, and 22 transfer RNAs. Most genes (24 of 37; 65%) are located on the 
positive (+) strand, whereas the rest 13 genes are located on the negative (-) strand (Supplement 
Table S3). 894-bp non-encoding nucleotides occurs in intergen regions, with the largest region 
(782 bp) being located between rrnS and trnI, which might be the putative control region. 
Nine out of the 13 protein-coding genes are encoded on the heavy strand, while four (nad5, 
nad4, nad4L, and nad1) occur on the light strand. 12 protein-coding genes appear to start with the 
codon ATN, and only cox1 starts with ACG. Nine genes possess TAA as their termination codon. 
The truncated termination codon (T) is observed in cox2, nad3, nad5, and cob. 
The mt rRNA genes lie on the light strand, with rrnL being flanked by trnL1 and trnV, and 
rrnS lying between trnV and trnI.  
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21 tRNAs are determined by tRNAscan-SE 1.21 (Supplement Fig. S3). The only manually 
folded trnS-UCN exhibits two mismatches on the TψC stem and one mismatch on the acceptor 
stem and anticodon stem, respectively, whereas its DHU stem appears intact and well-paired. For 
the other tRNAs, trnE, trnK, and trnY exhibit one mismatch on the acceptor stem, trnY bears a 
mismatch on the anticodon stem, and trnQ bears a mismatch on the TψC stem. 
4. Scyllarides latus (Achelata: Scyllaridae): the genomic organization is shown in Fig. 3.1 D. 
The full length of the mt genome is 15,663 bp and contains 13 typical protein-coding genes, two 
ribosomal RNAs, and 22 transfer RNAs. Most genes (24 of 37; 65%) are located on the positive 
(+) strand, while the rest 13 genes are located on the negative (-) strand (Supplement Table S3). A 
736-bp length of non-encoding nucleotides occurs in intergen regions, with the largest region (710 
bp) being located between rrnS and trnI, which might be the putative control region. 
Nine out of the 13 protein-coding genes lie on the heavy strand, while four (nad5, nad4, 
nad4L, and nad1) occur on the light strand. 11 protein-coding genes appear to start with the codon 
ATN, whereas cox1 starts with ACG, and nad4 with GTG. Seven genes possess TAA as their 
termination codon. Truncated termination codons (TA or T) are observed in cox2, atp8, nad3, 
nad5, nad4, and cob. 
The mt rRNA genes are encoded on the light strand, with rrnL being flanked by trnL1 and 
trnV, and rrnS lying between trnV and trnI.  
21 tRNAs are determined by tRNAscan-SE 1.21 (Supplement Fig. S4). The only manually 
folded trnS-UCN exhibits two mismatches on the anticodon stem and one mismatch on the DHU 
stem, respectively. It is unclear whether the TψC stem exists on this tRNA, only one pair can be 
found in the original TψC region, while the acceptor stem appears intact and well-paired. For the 
other tRNAs, trnA bears one mismatch on t he acceptor stem, anticodon stem, and TψC stem, 
respectively. The trnE, trnK, and trnM exhibit mismatches on the acceptor stem, and trnQ and 
trnW bear a mismatch on the anticodon stem. 
5. Procambarus fallax f. virginalis (Marmorkrebs) (Astacidea: Astacoidea): the genomic 
organization is shown in Fig. 3.1 E. The full length of the mt genome is 15,253 bp a nd contains 
the 37 genes typically found in animal mitochondrial (mt) genomes. Most genes (28 of 37; 77%) 
are located on the positive (+) strand, while the rest nine genes are located on the negative (-) 
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strand (Supplement Table S3). A full length of 572 bp non-encoding nucleotides lies in intergen 
regions, with the largest region (489 bp) being located between the trnE and trnQ genes.  
Among the 13 protein-coding genes, 11 genes appear to start with the codon ATN, which is 
typical for metazoan mitogenomes. The cox1 gene begins with ACG and cox2 begins with GTG. 
Nine genes possess TAA as their termination codon. Truncated termination codons (TA or T) are 
observed in cox2, atp8, nad3, and cob. Post-transcriptional polyadenylation can subsequently 
generate mature TAA codons. 
The mt rRNA genes lie on the heavy strand, with rrnL being flanked by trnV and trnL1, and 
rrnS lying between trnN and trnV, respectively.  
Of 22 tRNAs, 21 are determined by tRNAscan-SE 1.21. The only manually folded trnS-AGN 
exhibits one mismatch on the anticodon stem and 2 mismatches on the TψC stem, while its DHU 
stem and acceptor stems appear intact and well-paired (Supplement Fig. S5). In addition to 
trnS-AGN, trnM and trnS-UCN bear a mismatch on the acceptor stem, trnQ bears a mismatch on 
the DHU stem, and trnW bears a mismatch on the TψC stem. trnR and trnE lack the TψC arm.  
6. Homarus gammarus (Astacidea: Nephropoidea): the genomic organization is shown in 
Fig. 3.1 F. The full length of the mt genome is 14,316 bp. It is the smallest mt genome ever found 
in the Malacostraca (15,182 to 18,197). The genome contains 12 protein-coding genes, two 
ribosomal RNAs, and 18 transfer RNAs. Most genes (26 of 33; 79%) are located on the positive 
(+) strand, while the rest seven genes are located on the negative (-) strand (Supplement Table S3). 
A 681-bp length of non-encoding nucleotides lies in intergen regions, with the largest region (517 
bp) being located between trnS1 and rrnS, which might be the putative control region. 
One protein-coding gene nad2 is missing from the genome, a feature that has never been 
reported in the arthropods. Among the rest 12 protein-coding genes, ten are found on the heavy 
strand, while two (cob and nad6) occur on the light strand. Of these 12 genes, 10 appear to start 
with the codon ATN; cox1 starts with ACG, nad5 with ACC. Seven genes possess TAA as their 
termination codon. Truncated termination codons (TA or T) are observed in cox2, nad3, cob, nad4, 
and nad5. 
The mt rRNA genes are encoded on the heavy strand, with rrnL being flanked by trnV and 
trnL1, and rrnS lying between trnS1 and trnV, respectively.  
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A three tRNA cluster, namely the I-Q-M trn cluster, is also missing from the genome. The 
other 19 tRNAs are determined by tRNAscan-SE 1.21 (Supplement Fig. S6). The lost I-Q-M tRNA 
cluster and protein-coding gene nad2 are principally responsible for the smallest mt-genomic size 
of Malacostraca. In the available decapod mt genomes, the lost tRNA cluster has only been 
reported in Shinkaia crosnieri (Anomala) and Enoplometopus occidentalis (see below), both of 
which lost the W-C-Y tRNA cluster. The only manually folded trnD exhibits three mismatches on 
the acceptor stem and the lack of the TψC stem, whereas its DHU stem and anticodon stem appear 
intact and well-paired. In addition to trnD, the trnC, trnE, trnK, and trnS-UCN genes bear 
mismatches on the acceptor stem, and trnW bears a mismatch on the anticodon stem.  
7. Enoplometopus occidentalis (Astacidea: Enoplometopoidea): the genomic organization 
is shown in Fig. 3.1 G . The full length of the mt genome is 15,111 bp a nd contains 13 
protein-coding genes, two ribosomal RNAs, and 18 transfer RNAs. Most genes (21 of 34; 62%) 
are located on the positive (+) strand, while the rest seven genes are located on the negative (-) 
strand (Supplement Table S3). A 878-bp length of non-encoding nucleotides occurs in intergen 
regions, with the largest region (745 bp) being located between rrnS and trnI, which might be the 
putative control region. 
One protein-coding gene nad2 is partial missing from the genome. Out of the 13 
protein-coding genes, nine lie on t he heavy strand, while four (nad5, nad4, nad4L, and nad1) 
occur on the light strand. 12 protein-coding genes appear to start with the codon ATN, and only 
cox1 begins with ACG. Seven genes possess TAA as their termination codon. Truncated 
termination codons (TA or T) are observed in cox2, atp8, nad3, nad4, cob, and nad2. 
The mt rRNA genes are encoded on the light strand, with rrnL being flanked by trnL1 and 
trnV, and rrnS lying between trnS1 and trnI.  
A three tRNA cluster, namely the W-C-Y trn cluster, is missing from the genome. Other tRNAs 
are determined by tRNAscan-SE 1.21 (Supplement Fig. S7). The trnM exhibits one mismatch on 
the acceptor stem and anticodon stem, respectively. trnE and trnK bear a m ismatch on the 
acceptor stem, trnS-UCN has a mismatch on t he anticodon stem, and trnQ and trnV has a 
mismatch on the TψC stem. 
8. Calocaris macandreae (Axiidea: Calocarididae): the sequence of 16,985 bp of Calocaris 
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macandreae has been obtained, with a gap between rrnS and trnM. The finished part contains 13 
typical protein-coding genes, two ribosomal RNAs, and 19 t ransfer RNAs. Three tRNAs (trnI, 
trnQ and trnD) and the control region are not found on the known part of the genome. Most 
known genes (23 of 34; 68%) are located on the positive (+) strand, while the rest 11 genes are 
located on the negative (-) strand (Supplement Table S3). A 2366-bp non-encoding length of 
nucleotides occurs in intergen regions, and five large non-encoding regions have been found on 
the known part: 187 bp located between cox1 and trnL-UUR; 118 bp located between trnL-UUR 
and trnL-CUN; 82 bp l ocated between trnL-CUN and cox2; 169 b p located between trnH and 
nad4; 1723 bp between nad1 and rrnL. 
Nine of the 13 protein-coding genes lie on the heavy strand, while four (nad5, nad4, nad4L, 
and nad1) occur on the light strand. 12 protein-coding genes appear to start with the codon ATN, 
and only atp8 begins with GTG. Nine genes possess TAA as their termination codon. Truncated 
termination codons (TA or T) are observed in atp8, nad3, nad5, and nad4. 
The mt rRNA genes lie together on the light strand, flanked by nad1 and trnI.  
17 tRNAs are determined by tRNAscan-SE 1.21 (Supplement Fig. S8). The manually folded 
trnS-UCN has no DHU stem, while the other arms appear intact and well-paired. For the other 
folded tRNAs, trnC has two mismatches on the acceptor stem and one mismatch on the TψC stem. 
trnL-UAA, trnK, and trnF bear one mismatch on the acceptor stem; trnW exhibits one mismatch 
on the anticodon stem. 
9. Neaxius acanthus (Axiidea: Strahlaxiidae): the sequence of 12,662 bp of Neaxius 
acanthus has been obtained, with a gap between rrnS and cox1. The finished part contains 12 
typical protein-coding genes, two ribosomal RNAs (partial 12s), and 19 transfer RNAs. Seven 
tRNAs (trnI, trnQ, trnD, trnM, trnW, trnC, and trnY), one protein-coding gene nad2, and the 
putative control region are not found on the known part of the genome. Most known genes (20 of 
29; 69%) are located on t he positive (+) strand, while the rest nine genes are located on t he 
negative (-) strand (Supplement Table S3). A 102-bp non-coding length of nucleotides occurs in 
intergen regions. Two major non-coding regions on the known part are 49 bp between trnS-UCN 
and nad1 and 42 bp between nad1 and rrnL. 
Eight out of the 12 pr otein-coding genes lie on t he heavy strand, while four (nad5, nad4, 
nad4L, and nad1) occur on the light strand. Nine protein-coding genes appear to start with the 
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codon ATN, nad6 starts with AAT, and nad1 begins with ATA. Eight genes possess TAA as their 
termination codon. Truncated termination codons (TA or T) are observed in cox2, atp8, cox3, and 
cob. 
The mt rRNA genes lie together on the light strand, with one known side flanked by nad1.  
14 tRNAs are determined by tRNAscan-SE 1.21 (Supplement Fig. S9), and one folded by 
hand. The manually folded trnS-UCN has a short DHU stem, while the other arms appear intact 
and well-paired. For the other folded tRNAs, trnN, trnK, and trnP have one mismatch on the 
acceptor stem. 
10. Corallianassa coutierei (Axiidea: Callianassidae): the genomic organization is shown in 
Fig. 3.1 H. The full length of the mt genome is 15,481 bp and contains 13 typical protein-coding 
genes, two ribosomal RNAs, and 22 transfer RNAs. Most genes (24 of 37; 65%) are located on 
the positive (+) strand, while the rest 13 genes are located on the negative (-) strand (Supplement 
Table S3). A 687-bp non-encoding length of nucleotides occurs in intergen regions, with the 
largest region (610 bp) being located between trnQ and trnI, which might be the putative control 
region. 
Nine of the 13 protein-coding genes lie on the heavy strand, while four (nad5, nad4, nad4L, 
and nad1) occur on the light strand. All protein-coding genes appear to start with the codon ATN, 
and seven genes possess TAA as their termination codon. Truncated termination codons (TA or T) 
are observed in atp6, nad3, nad5, nad6, cob, and nad1. 
The mt rRNA genes lie together on the light strand, flanked by nad1 and trnI.  
21 tRNAs are determined by tRNAscan-SE 1.21 (Supplement Fig. S10). The only manually 
folded trnS-UCN lacks the DHU arm, while the other arms appear intact and well-paired. For the 
other tRNAs, trnD, trnK, trnM and trnP bear one mismatch on the acceptor stem; trnQ and 
trnL-UAG exhibit one mismatch on the TψC stem; trnW bears a mismatch on the anticodon stem. 
11. Upogebia pusilla (Gebiidea: Upogebiidae): the genomic organization is shown in Fig. 
3.1 I. The full length of the mt genome is 15,680 bp and contains 13 typical protein-coding genes, 
two ribosomal RNAs, and 22 transfer RNAs. Most genes (24 of 37; 65%) are located on the 
positive (+) strand, while the rest 13 genes are located on the negative (-) strand (Supplement 
Table S3). A 687-bp non-coding length of nucleotides occurs in intergen regions, with the largest 
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region (691 bp) being located between trnQ and rrnS, which might be the putative control region. 
Nine out of the 13 protein-coding genes lie on the heavy strand, while four (nad5, nad4, 
nad4L, and nad1) occur on the light strand. 12 protein-coding genes appear to start with the codon 
ATN, and only cox1 begins with ACG. Ten genes possess TAA as their termination codon. 
Truncated termination codons (TA or T) are observed in cox1, cox3, and nad5. 
The mt rRNA genes lie on the light strand, with rrnL being flanked by nad1 and trnV, and 
rrnS lying between trnV and trnQ.  
21 tRNAs are determined by tRNAscan-SE 1.21 (Supplement Fig. S11). The only manually 
folded trnS-UCN has one mismatch on the anticodon stem, while the other arms appear intact and 
well-paired. For the other tRNAs, trnL-UAA, trnK, and trnF bear one mismatch on the acceptor 
stem; trnW exhibits one mismatch on the anticodon stem. 
12. Neopetrolisthes maculatus (Anomala: Porcellanidae): the genomic organization is 
shown in Fig. 3.1 J. The full length of the mt genome is 15,324 bp and contains 13 t ypical 
protein-coding genes, two ribosomal RNAs, and 22 transfer RNAs. Most genes (24 of 37; 65%) 
are located on the positive (+) strand, while the rest 13 genes are located on the negative (-) strand 
(Supplement Table S3). A 595-bp non-coding length of nucleotides occurs in intergene regions, 
with the largest region (547 bp) being located between trnW and rrnS, which might be the 
putative control region. 
Nine of the 13 protein-coding genes lie on the heavy strand, while four (nad5, nad4, nad4L, 
and nad1) occur on the light strand. 11 protein-coding genes appear to start with the codon ATN, 
although cox1 begins with ACG, and nad1 starts with TTA. Ten genes possess TAA as their 
termination codon. Truncated termination codons (T) are observed in cox2, nad2, and nad4. 
The mt rRNA genes are encoded on the light strand, with rrnL being flanked by trnL1 and 
trnV, and rrnS lying between trnV and the control region.  
All tRNAs are determined by tRNAscan-SE 1.21 (Supplement Fig. S12). The secondary 
structure of all the tRNAs appears intact and well-paired. 
13. Cryptolithodes sitchensis (Anomala: Lithodidae): the sequence of 14,874 bp o f 
Cryptolithodes sitchensis has been obtained, with two gaps in rrnL - rrnS and the control region – 
nad1. The finished part contains 13 t ypical protein-coding genes, two ribosomal RNAs (partial 
rrnS and rrnL), and 20 transfer RNAs. trnP and trnV were inferred as lying in the missing part, at 
45 
 
the same positions as in Pagurus longicarpusa. Most known genes (24 of 35; 69%) are located on 
the positive (+) strand, while the rest 11 genes are located on the negative (-) strand (Supplement 
Table S3). A 1,003-bp non-encoding length of nucleotides occurs in intergen regions, and four 
large non-encoding regions have been found on the known part: 53 bp located between nad2 and 
atp8; 78 bp l ocated between cob and trnS2; 45 bp located between trnS2 and trnY; and 345 bp 
located between trnY and nad1, which I could not cover and inferred to be the control region. 
Nine of the 13 protein encoding genes lie on the heavy strand, while four (nad5, nad4, nad4L, 
and nad1) occur on the light strand. 12 protein-coding genes appear to start with the codon ATN; 
only cox1 starts with ACG. Eleven genes possess TAA as their termination codon. Truncated 
termination codons (TA or T) are observed in cox1 and nad4. 
The mt rRNA genes lie on the light strand and are inferred to have the same order as those in 
Pagurus longicarpusa. 
20 tRNAs are determined by tRNAscan-SE 1.21 (Supplement Fig. S13). The secondary 














Fig. 3.1: (A - J) The mitochondrial genomes of the 10 completely sequenced decapods. Protein-coding 
genes and ribosomal and transfer RNA genes are presented as in the abbreviations section. The genes 
outside the circle are transcribed clockwise, whereas the genes inside are transcribed counterclockwise. 
Gene blocks are filled with different colors as shown by the cutline. The inner ring indicates the GC 
content of the genome. The figure was initially generated with OGDRAW and modified manually. 
3.1.2 Summary of 13 newly sampled decapod mt-genomic rearrangements 
Stenopus hispidus: compared with the decapod ground pattern shared by all available 
dendrobranchiate shrimps and carideans, 4 tRNAs change positions in this species: trnL1 
translocates to the position after trnL2; trnR and trnE move slightly forward but remain in the 
A-R-N-S-E-F tRNA cluster; trnQ has a second copy in the same position. Other genes keep the 
gene arrangement of the ancestral decapod gene order. 
Polycheles typhlops: this is one of the most derived gene arrangement types in all the decapod 
gene arrangements. For the protein-coding genes, two (nad5 and cob) change the positions: both 
of them translocate to the position before the control region. As for the tRNAs, there is a trend for 
them to form a huge tRNA cluster (9 tRNA cluster): trnQ, trnC, trnY, trnI, trnR, trnN, trnS, trnE, 
and trnF. All of them translocate from the original positions to the same position, which is just 
before the control region. Other genes keep the gene arrangement of the ancestral decapod gene 
order. 
Panulirus versicolor: all the mt genes retain the ancestral decapod gene order. 
Scyllarides latus: all the mt genes keep the ancestral decapod gene order. 
Procambarus fallax f. virginalis: by comparing with the decapod ground pattern, two 
inversions have been found in this species. One is the huge inversion spanning from the trnF to 
the putative control region, and the other is the tRNA gene pair trnN-S inverted and translocated to 
the downstream of the control region. Other than the inversion events, two translocations have 
also been found in Procambarus fallax f. virginales: trnP translocated to the position between 
nad1 and trnS2, and trnQ translocated to the position between the control region and trnS1 
Homarus gammarus: an inversion spanning from trnE to the control region, which is the 
same with that of Procambarus fallax f. virginales, has been found in this species. In the 
meantime, the I-Q-M tRNA cluster and protein-coding gene nad2 are lost from the mt genome.  
Enoplometopus occidentalis: the region including the partial protein-coding gene nad2 and 
the W-C-Y tRNA cluster is lost from the mt genome. Other genes retain the gene arrangement of 
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the ancestral decapod gene order. 
Corallianassa coutierei: compared with the decapod ground pattern, the protein-coding genes 
nad3 and cox3 exchange their positions in this species, and four tRNAs (trnL1, trnG, trnV, and 
trnD) change the positions: trnL1 translocates to the position before trnL2; trnG moves forward 
following the protein-coding gene nad3; trnV moves out of its position between rrnS and rrnL; 
trnD translocates to the position before protein-coding gene nad2. 
Calocaris mecandreae: the sequencing of the whole genome for this species has almost been 
finished, except for the putative control region. From the known part of this genome, it is inferred 
that this species has the same gene arrangement as that of Corallianassa coutierei, which is from 
the same taxon Thalassinida: Axiidea. The only difference among these two axiideans is the order 
of the trnV-trnG pair: the trnV-trnG order in Calocaris mecandreae instead of the trnG-trnV order 
in Corallianassa coutierei. 
Neaxius acanthus: the whole genome of this species has not been finished, with a large gap 
between rrnS and cox1. However, for the known parts, it retains the same gene order as that of 
Calocaris mecandreae. Therefore, it is inferred that these two axiideans have the same gene order. 
Upogebia pusilla: compared with the decapod ground pattern, four tRNAs translocate to the 
new positions, and no protein-coding genes are involved in the rearrangements: trnL1 translocates 
to the position after trnL2; trnI translocates to the position between trnS2 and protein-coding gene 
nad1; the trnC-trnY tRNA pair has been moved to the position after trnQ.  
Neopetrolisthes maculates: compared with the decapod ground pattern, two protein-coding 
genes (nad2 and nad3) and six tRNAs (trnG, trnA, trnI, trnM, trnP, and trnQ) change their 
positions: the trnG-nad3-trnA block and trnM-nad2 block translocate to the position before atp8, 
trnI translocates to the position between trnA and trnM, trnP translocates to the position between 
trnS and nad1, and trnQ translocates to the position between trnW and trnC. However, compared 
with available anomalan Pagurus longicarpusa, only four tRNAs (trnL1, trnD, trnP, and trnY) 
show different positions.  
Cryptolithodes sitchensis: the whole genome of this species has not been finished, with two 
small gaps in rrnL - rrnS and the control region – nad1, respectively. However, for the known 
parts, it retains the same gene order as that of Pagurus longicarpusa. Therefore, it is inferred that 






Fig. 3.2: mitochondrial gene arrangements depicted by the 13 newly sequenced decapods. The Decapoda 
ground pattern is maintained in the Dendrobranchiata and Caridea. All tRNAs are designated by single 
letters (except L1 and L2 for trnL-CUN and trnL-UUR, respectively; S for both trnS-AGN and trnS-UCN). 
Asterisks indicate rearrangements from the ancestral order. CR represents the putative control regions. 
3.1.3 GC-skews of astacids  
The asymmetric distribution of the complementary nucleotides between the two strands, 
which is particularly evident for GC asymmetry, is a remarkable feature of mt genomes and can be 
expressed in terms of GC-skew measured according to the following formula (Perna and Knocher 
1995): GC-skew = (G – C) / (G + C), where C, G, A, and T are the occurrences of the four bases.  
In most arthropod mt genomes, a remarkably negative GC-skew is observed for the positive 
(+) strand of the whole genome and positive-strand coding genes; however, in Astacidea, it 
displays peculiar features. Therefore, Table 3.1 presents the GC-skews calculated from all the 
available astacids, compared with those of Priapulus caudatus (Priapulida) (NC_008557) and 
Penaeus monodon (Decapoda: Dendrobranchiata). Firstly, for the genomic GC-skews, 
Procambarus fallax f. virginalis, Homarus gammarus, and Priapulus caudatus, possessing the 
same inversion which spans from nad5 to the control region (details see the discussion part), 
exhibit the positive value, whereas Cherax destructor, Enoplometopus occidentalis, and Penaeus 
monodon, which have the ancestral decapod gene orientation, exhibit the typical negative value. 
Secondly, among three positive-valued species, the genomic GC-skews of Homarus gammarus 
and Priapulus caudatus are close to zero, whereas the absolute value of Procambarus fallax f. 
virginales is closer to that of Cherax destructor and Enoplomentopus occidentalis. For the 
protein-coding genes and rRNAs, Cherax destructor, Enoplomentopus occidentalis, and Penaeus 
monodon exhibit the normal feature, namely, the heavy-strand coding genes have a negative value, 
and the light-strand coding genes have a positive value, whereas for Procambarus fallax f. 
virginales, Homarus gammarus and Priapulus caudatus, the genes involved in the inversion 
region exhibit the opposite feature. However, for Procambarus fallax f. virginales, the genes not 
involved in the inversion region still exhibit the abnormal feature, which is the principal reason for 
its genomic value being closer to that of Cherax destructor and Enoplomentopus occidentalis. 
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Table 3.1: The GC-skews for each mitochondrial gene of four available astacids compared with those of 
another decapod Penaeus monodon (Dendrobranchiata) and Priapulid worm Priapulus caudatus 
(Priapulida, Priapulidae). Genes involved in the huge inversion region found in Procambarus fallax f. 
virginalis, Homarus gammarus, and Priapulus caudatus are shown in gray boxes. The GC-skew of the 
whole genomes are calculated from the heavy strand. 
GC-skew 
Procambarus 











cox1 0.17 (+) -0.13 (+) -0.11 (+) -0.07 (+) -0.04 (+) -0.03 (+) 
cox2 0.24 (+) -0.23 (+) -0.14 (+) -0.17 (+) 0 (+) -0.04 (+) 
atp8 0.44 (+) -0.52 (+) -0.33 (+) -0.29 (+) -0.35 (+) -0.42 (+) 
atp6 0.13 (+) -0.22 (+) -0.11 (+) -0.23 (+) -0.16 (+) -0.08 (+) 
cox3 0.21 (+) -0.2 (+) -0.1 (+) -0.07 (+) -0.12 (+) -0.06 (+) 
nad3 0.41 (+) -0.19 (+) -0.09 (+) -0.1 (+) -0.12 (+) -0.02 (+) 
nad5 0.39 (+) 0.32 (-) 0.21 (+) 0.29 (-) -0.14 (+) 0.01 (+) 
nad4 0.43 (+) 0.37 (-) 0.26 (+) 0.34 (-) -0.22 (+) 0.10 (+) 
nad4L 0.58 (+) 0.4 (-) 0.22 (+) 0.33 (-) -0.23 (+) 0.26 (+) 
nad6 -0.43 (-) -0.38 (+) -0.38 (-) -0.45 (+) 0.37 (-) -0.21 (-) 
cob -0.28 (-) -0.29 (+) -0.13 (-) -0.19 (+) 0.11 (-) -0.11 (-) 
nad1 0.39(+) 0.32 (-) 0.22 (+) 0.29 (-) -0.05 (+) 0.19 (+) 
rrnL 0.4(+) 0.41 (-) 0.34 (+) 0.37 (-) -0.23 (+) 0.28 (+) 
rrnS 0.37(+) 0.41 (-) -0.05 (+) 0.34 (-) -0.22 (+) 0.22 (+) 
nad2 0.22(+) -0.33 (+) - -0.43 (+) -0.26 (+) 0.12 (+) 
Genome 0.3 -0.28 0.08 -0.23 -0.14 0.07 
3.1.4 Nucleotide divergency of decapod mt protein-coding genes 
As has been widely reported, the degree of conservation at the various functional regions of 
mt genome is different (Saccone et al. 1999). For comprehensive studies of decapod mt genomes, 
the degree of the nucleotide divergency of 13 protein-coding genes and the nucleotide divergency 
at the various coding positions are investigated and graphically shown in Fig. 3.3. All these values 
are the mean values of all possible pairwise comparisons of available decapods. The mean value 
of the whole gene (first column) is from 22.4% to 42.7%. Among all these genes, nad6 (42.7 %) is 
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the most variable gene followed by nad2 (42.1%) and atp8 (40.9%). A moderate degree of 
divergency (25% - 35%) is found in most protein-coding genes (10 of 13). The most conserved 
gene is cox1 (22.4%). Compared with the divergency degree at the different codon positions, the 
second position is the most conserved position (3.5% - 26.9%), and the third position is the most 
derived position (49.1% - 62.6%) among all the codon positions. The trends of divergency degree 
at the different positions are also different. For the first and second codon position, cox1 is the 
most conserved gene, and atp8 is the most derived gene, whereas for the third position, atp8 is the 
most conserved gene, and nad2 is the most derived gene. Anyhow, all the genes at the third 
position have an extremely high degree of nucleotide divergency. 
 
Fig. 3.3: Graphical representation of the degree of nucleotide divergency of each mitochondrial gene. 
The genes shown on the X-axis are in the order of the increase of the divergency degree calculated from 
the average value of the whole gene (shown as blue bars). The four different bars given for each gene 
stand for the average value of the whole gene, the value of the first coding position, the value of the 
second coding position, and the value of the third coding position (from left to right), respectively. 
3.1.5 Gene rearrangement rates 
There are two useful values for gene rearrangements: AR (arrangement) rate used to compare 
the rate of genomic rearrangements at the taxon level, and BP (break point) distance used to 
compare the rate of genomic rearrangements at the species level. The meaning and measurement 
of these two values are described as follows: 
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AR rate: AR counts the difference in gene content and/or gene order and takes into account 
both gene content and gene order. It is used to estimate the variability in AR of mt genomes for 
each major taxonomic group; this is calculated as (NAR - 1) / (NmtDNA - 1), where NAR and NmtDNA 
are the number of different ARs and the number of completely sequenced mt genomes of that taxa, 
respectively. Thus, the AR rate ranges between 0 (no AR variability) and 100 (all mtDNAs have a 
different AR). 
BP distance: consider two genomes A = a1 . . . an and B = b1 . . . bn on the same set of genes 
(g1, . . . , gn), where each gene is designated (+) or (-) and on the basis that ai precedes ai+1 in A, 
and an precedes a1. If gene g precedes h in A, and neither g precedes h nor –h precedes –g in B, 
they determine a breakpoint in A; when the two genomes contain identical sets of genes, the 
number of breakpoints is the same in both genomes. Sometimes, the gene sets vary slightly from 
the standard set of 37 genes because of the deletion or duplication of one or two genes. When the 
gene sets are not identical, the breakpoints are defined as the numbers in the larger of the two 
genomes. In this analysis, I will fix the genome A as the decapod ground pattern, and so the 
numbers represent the breakpoint distance from the common ancestor to each decapod.  
As shown in Table 3.2, AR rate values (all genes) higher than 70, indicative of a strong 
variability in genome AR, are observed in four taxa (Astacidea, Thalassinida, Anomala, and 
Brachyura). Two taxa (Stenopodidea and Polychelida) are represented by only one species, and 
hence I cannot calculate the AR rate here; however, according to the available species in these taxa, 
they may also have high AR rate. Two taxa (Dendrobranchiata and Achelata) with a zero AR rate 
suggest that the gene order and content are conserved in these taxa; however, whether the 
observed stability is the consequence of poor sampling needs more research. 
Excluding tRNAs, which often described as highly “mobile” mt genes, the number of different 
genome ARs decreases largely in Astacidea and Brachyura, underlines that the changes of tRNAs 
in number and location are the main cause of differences in AR rate, and suggest that different 
rearrangement mechanisms occur in these taxa. 
As shown in Table 3.2, a large BP distance (more than 10) is observed in 12 completely 
sequenced species: one stenopodid, two astacids, one polychelid, one thalassinid, three anomalans, 
and four brachyurans. Although only one species is available in the Stenopodidea and Polychelida, 
both of them have a large BP distance, which suggest that these two groups, or at least these two 
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species, have a higher evolution rate of their mt genomes.  
All species in the Anomala have a large BP distance, whereas in Astacidea and Brachyura, the 
species clearly separate into two groups: one with a low BP distance (two clawed lobsters in the 
Astacidea, and nine marine crabs in the Brachyura), and the other with a large BP distance (two 
freshwater crayfish and five freshwater crabs). A different BP distance represents a different 
evolution rate of the genome and its sequence, and so it is inferred that the evolution within 
Astacidea and within Brachyura followed at least two different lineages.  
In general, the observation of high variability in mt genome AR rate or large BP distance in 
several phylogenetically distant groups or species indicates that the acceleration of the rate of 
genomic rearrangements has occurred independently several times in the evolutionary history of 
decapods and suggests that some identical gene rearrangements in these groups or species should 
be treated with caution in case of convergent evolution. 
Table 3.2: Abbreviations: PCG, mt protein encoding genes; All, all mt genes; -tRNA, exclusion of tRNA 
genes; NT, nucleotide; GA, gene arrangement; No., GenBank accession number. Species in the gray 
block are the newly sequenced species described in this article. Two almost complete sequenced species 
are Calocaris macandreae and Neaxius acanthus, and the data with “( )” in these two species mean that 
these data are inferred from the analysis of the known partial of the genomes. 
a the variability of genome arrangement (AR rate) has been calculated as (NAR-1)/NmtDNA-1 × 100. The 
value is reported only for taxa with more than one complete genome. 
b the number of the breakpoints calculated from comparing the gene order with the decapod ground 
patter. 
c gene arrangement type involving all the genes on the mt genomes; the number is accordant with the 
number in figure 2. 
d gene arrangement type involving protein-coding genes with positive rRNAs on the mt genomes; the 
number is accordant with that in figure 3.14.  
Taxa / Species 
Genome 
Size 





(-tRNA) d PCG tRNA All - tRNA 
Dendrobranchiata     0 0    
Marsupenaeus japonicus 15,968 13 22   0 1 1 
Litopenaeus vannamei 15,990 13 22   0 1 1 
Litopenaeus stylirostris 15,988 13 22   0 1 1 
Fenneropenaeus chinensis 16,004 13 22   0 1 1 
Farfantepenaeus californiensis 15,975 13 22   0 1 1 
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Penaeus monodon 15,984 13 22   0 1 1 
Caridea    17 0    
Halocaridina rubra 16,065 13 22   0 1 1 
Macrobranchium rosenbergii 15,772 13 22   0 1 1 
Macrobranchium lanchesteri 15,694 13 22   0 1 1 
Macrobranchium nipponense 15.806 13 22   0 1 1 
Exopalaemon carinicauda 15,730 13 22   0 1 1 
Alpheus distinguendus 15,700 13 22   3 2 1 
Stenopodidea    0 0    
Stenopus hispidus 15,527 13 23   12 3 1 
Achelata    0 0    
Polychelida         
Polycheles typhlops 16,221 13 22   11 7 5 
Achelata         
Panulirus japonicus 15,717 13 22   0 1 1 
Panulirus ornatus 16,105 13 22   0 1  
Panulirus stimpsoni 15,677 13 22   0 1  
Panulirus versicolor 15,767 13 22   0 1 1 
Scyllarides latus 15,663 13 22   0 1 1 
Astacidea    100 25    
Cherax destructor 15,894 13 22   14 4 2 
Procambarus fallax f virginalis 15,253 13 22   10 5 3 
Homarus gammarus 14,080 12 19   4 6 4 
Enoplometopus occidentalis 15,111 12.5 19   2 1* 1 
Thalassinida    100 100    
Calocaris macandreae (17,500) 13 (19)   ? 8 6 
Neaxius acanthus (12,662) (12) (15)   ? 9 6 
Corallianassa coutierei 15,481 13 22   13 9 6 
Upogebia pusilla 15,677 13 22   9 10 1 
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Anomala    100 100    
Pagurus longicarpus 15,630 13 22   19 11 7 
Shinkaia crosnieri 15,182 13 18   13 13 8 
Neopetrolisthes maculatus 15,324 13 22   11 12 7 
Cryptolithodes sitchensis (14,874) 13 (20)   ? 11 7 
Brachyura    100 33    
Dromia personata 16,358 13 23   7 15 9 
Geothelphusa dehaani 18,197 13 23   9 14 1 
Xenograpsus testudinatus 15,798 13 22   17 16 9 
Eriocheir japonica 16,352 13 22   18 17 10 
Eriocheir sinensis 16,354 13 22   17 18 11 
Eriocheir hepuensis 16,335 13 22   18 17 10 
Gandalfus yunohana 15,567 13 22   3 19 1 
Pseudocarcinus gigas 15,515 13 22   3 19 1 
Charybdis japonica 15,738 13 22   3 19 1 
Callinectes sapidus 16,263 13 22   3 19 1 
Portunus trituberculatus 16,026 13 22   3 19 1 
Scylla serrata 15,775 13 22   3 19 1 
Scylla tranquebarica 15,833 13 22   3 19 1 
Scylla olivacea 15,723 13 22   3 19 1 
Scylla paramamosain 15,825 13 22   3 19 1 
3.2 Part (B): Phylogenetic analyses of decapods using mt genomic sequence 
In this part, both ALISCORE and GBLOCKS are used to mask three aligned datasets: mt 
amino acid alignments from 12 protein-coding genes (AA dataset), mt nucleotide alignments from 
12 protein-coding genes (NT dataset), and mt nucleotide alignments from 12 protein-coding genes 
with two rRNAs (Genome dataset). The gene nad2 was excluded from the analyses, because it is 
missing from two clawed lobsters (Homarus gammarus and Enoplometipus occidentalis), and it is 
the most derived gene among the 13 protein-coding genes in nucleotide divergency analysis. 
Complete mt genomes of 32 decapods were retrieved from GenBank, and Dromia personata was 
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provided by Bonn University. Finally, 46 de capods covering all high ranking decapod groups 
were used in the analyses, and five stomatopods were chosen as outgroups. The alignments of all 
protein-coding genes were performed with ClustalW (Thomson et al. 1994) as implemented in 
Bioedit 7.0.9 (Hall 1999) under the default setting, and the alignments of rRNAs were carried out 
with MUSCLE (Edgar 2004) under the default setting.  
3.2.1 The size of three datasets according to the different masking software 
packages 
Table 3.3: the nucleotid or amino acid numbers of three datasets 
 ALISCORE GBLOCKS Unmasked 
AA (aa) 3,216 3,164 3,218 
NT (nt) 10,112 9,856 10,116 
Genome (nt) 12,512 11,731 12,669 
3.2.2 Phylogenomic trees obtained from the different phylogenetic software 
packages 
Compared with the GBLOCKS program, ALISCORE is thought to be more sensitive for 
masking the aligned data. Therefore, ALISCORE-masked datasets are used firstly to construct the 
maximum likelihood trees in both Treefinder and RAxML phylogenetic softwares under different 
phylogenetic models, and Bayesian trees in both MRBAYES and Phylobayes softwares under 
different models (details see below). Partitioned models according to the different genes are used 
in all analyses. In Treefinder, the models for each gene are proposed by itself. In RAxML, the 
GTRCAT+G+I model is used for the NT and Genome datasets, and MtRev+G+I is used for the 
AA dataset. In MRBAYES, the GTR+G+I model is used for the NT and Genome datasets, and 
MtRev+G+I is used for the AA dataset. In PhyloBayes3.2e, the CAT model for the AA dataset and 
the CATGTR model for the NT and Genome datasets are employed. Other than for the maximum 
likelihood analyses in Treefinder, the models are the same for each partition but are optimized in 
an unlinked manner between the partitions. All the models used in Treefinder for 
ALISCORE-masked datasets are shown in table 3.4.  
According to the phylogenetic results of the ALISCORE-masked datasets, only the most 
sensitive model, namely the CAT / CATGTR model, is used in the GBLOCKS-masked datasets to 
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save time. Therefore, only the programs RAxML and PhyloBayes3.2e are used for the 
GBLOCKS-masked datasets. Additionally, according to the finding that almost all cutting 
positions in the ALISCORE-masked datasets being located in two rRNAs, two unmasked genomic 
trees are constructed to demonstrate the way how the cutting positions impact the 
ALISCORE-masked ML and Bayesian trees. Table 3.5 shows how many phylogenetic trees are 
compared in Part (B). 
Table 3.4: Partitioned models used in Treefinder for ALISCORE-masked datasets 
Genes AA datasets NT datasets Genome datasets 
atp6 MIX[mtREV,mtMam,mtArt]+G GTR+G+I GTR+G+I 
atp8 MIX[mtREV,mtMam,mtArt]+G HKY+G+I HKY+G+I 
cox1 MIX[mtREV,mtMam,mtArt]+G+I GTR+G+I GTR+G+I 
cox2 MIX[mtREV,mtMam,mtArt]+G GTR+G+I GTR+G+I 
cox3 MIX[mtREV,mtMam,mtArt]+G GTR+G+I GTR+G+I 
cob MIX[mtREV,mtMam,mtArt]+G GTR+G+I GTR+G+I 
nad1 MIX[mtREV,mtMam,mtArt]+G TVM+G TVM+G 
nad3 MtMam+G HKY+G+I HKY+G+I 
nad4 MIX[mtREV,mtMam,mtArt]+G+I GTR+G+I GTR+G+I 
nad4l MtArt+G TVM+G TVM+G 
nad5 MIX[mtREV,mtMam,mtArt]+G+I GTR+G+I GTR+G+I 
nad6 mtREV+G GTR+G+I GTR+G+I 
12s - - TVM+G 
16s - - TVM+G 
 
Table 3.5: Phylogenetic trees compared in Part (B) 

























3.2.3 Phylogenetic trees  
3.2.3.1 ALISCORE-masked datasets 
 On the high-level relationships, except for the NT mrbayesian tree, the rest ALISCORE trees 
resulted in the same topologies in the shrimp and crab regions, which support the assumption that 
Dendrobranchiata is the sister group of the rest decapods, Caridea is the sister group of the rest 
Pleocyemata, and Stenopodidea is the sister group of Reptantia in the shrimp part, and Anomala is 
the sister group of Brachyura in the crab part. The unclear parts are those of the lobster and 
crayfish. On the low-level relationships, all ALISCORE trees support the monophyly of most 
decapod groups. The only exception is Thalassinida, which separates into two groups, Axiidea and 
Gebiidea, according with some early morphological studies (e.g. de Saint Laurent 1973) and some 
molecular studies (e.g. Tsang et al. 2008a). Additionally, the internal relationships of 
Dendrobranchiata and the relationships of Eriocheir group and Scylla group in Brachyura are also 
problematic.  
AA datasets  
On the maximum likelihood trees (Fig 3.4_a and b), the Treefinder tree supports the idea that 
Thalassinida: Axiidea is the sister group of the rest reptantians, that Polychelida is the sister group 
of Achelata, that Thalassinida: Gebiidea is the sister group of Meiura (Anomala + Brachuyra), and 
that Astacidea is the sister group of the clade consisting of Thalassinida: Gebiidea and Meiura, 
whereas the RAxML tree supports the assumption that Polychelida is the sister group of the rest 
reptantians, Achelata represents a more basal evolutional lineage than Astacidea, and Thalassinida 
is paraphyletic with respect to Meiura. The internal relationships of Dendrobranchiata and the 
relationships of three Eriocheir are different between these two ML trees. 
On the Bayesian trees (Fig. 3.5_ a and b), the MRBAYES tree supports the proposal that 
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Polychelida is the sister group of Achelata, which forms the clade representing a basal lineage of 
Reptantia, and that Thalassinida is paraphyletic with respect to Meiura, whereas the Phylobayes 
tree supports Polychelida as being the sister group of Astacidea, Achelata as representing a basal 
lineage of Reptantia, and Thalassinida as being paraphyletic with respect to Meiura. The internal 
relationships of Dendrobranchiata and the relationships of three Eriocheir are different between 




Fig. 3.4_a: Phylogenetic reconstruction of 46 decapods based on Maximum Likelihood (ML) analysis of 




Fig. 3.4_b: Phylogenetic reconstruction of 46 decapods based on Maximum Likelihood (ML) analysis of 




Fig. 3.5_a: Phylogenetic reconstruction of 46 decapods based on bayesian analysis of 




Fig. 3.5_b: Phylogenetic reconstruction of 46 decapoda based on bayesian analysis of 




On the maximum likelihood trees (Fig 3.6_a and b), Treefinder tree supports the idea that 
Thalassinida: Axiidea is the sister group of the remaining reptantians, that Astacidea is the sister 
group of the clade consisting of Polychelida, Achelata, Thalassinida: Gebiidea and Meiura, that 
Polychelida is the sister group of Achelata, and that Thalassinida: Gebiidea is the sister group of 
Meiura, whereas the RAxML tree supports Achelata as being the sister group of the remaining 
reptantians, Polychelida as being the sister group of Astacidea, and Thalassinida as being 
paraphyletic with respect to Meiura.  
On the Bayesian trees (Fig. 3.7_a and b), MRBAYES tree supports the new topologies of the 
shrimp regions, which place Stennopodidea as the sister group of the remaining decapods, and 
Caridea is the sister group of Reptantia. Within Reptantia, Thalassinida: Axiidea is the sister group 
of the remaining reptantians, and Astacidea is the sister group of the clade consisting of 
Polychelida, Achelata, Thalassinida: Gebiidea and Meiura, with Polychelida being the sister group 
of Achelata, and Thalassinida: Gebiidea being the sister group of Meiura, whereas the Phylobayes 
tree supports Polychelida being the sister group of Astacidea, and Thalassinida being paraphyletic 




Fig. 3.6_a: Phylogenetic reconstruction of 46 decapods based on Maximum Likelihood (ML) analysis of 




Fig. 3.6_b: Phylogenetic reconstruction of 46 decapods based on Maximum Likelihood (ML) analysis of 




Fig. 3.7_a: Phylogenetic reconstruction of 46 decapods based on bayesian analysis of 




Fig. 3.7_b: Phylogenetic reconstruction of 46 decapods based on bayesian analysis of 




On the maximum likelihood trees (Fig 3.8_a and b), the Treefinder tree supports the idea that 
Thalassinida: Axiidea is the sister group of the the remaining reptantians, and Astacidea is the 
sister group of the clade consisting of Polychelida, Achelata, Thalassinida: Gebiidea, and Meiura, 
that Polychelida is the sister group of Achelata, and that Thalassinida: Gebiidea is the sister group 
of Meiura, whereas the RAxML tree supports Achelata as being the sister group of the remaining 
reptantians, Polychelida as being the sister group of Astacidea, and Thalassinida as being 
paraphyletic with respect to Meiura.  
On the Bayesian trees (Fig. 3.9_a and b), the MRBAYES tree supports Achelata being the 
sister group of the remaining reptantians, Polychelida being the sister group of Astacidea, and 
Thalassinida being paraphyletic with respect to Meiura, whereas the Phylobayes tree supports the 
Polychelida being the sister group of Astacidea, and Thalassinida being paraphyletic with respect 




Fig. 3.8_a: Phylogenetic reconstruction of 46 decapods based on Maximum Likelihood (ML) analysis of 




Fig. 3.8_b: Phylogenetic reconstruction of 46 decapods based on Maximum Likelihood (ML) analysis of 




Fig. 3.9_a: Phylogenetic reconstruction of 46 decapods based on bayesian analysis of 




Fig. 3.9_b: Phylogenetic reconstruction of 46 decapods based on bayesian analysis of 
ALISCORE-masked Genome datasets. Phylobayes3.2e is used here 
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3.2.3.2 GBLOCKS-masked datasets 
According to the results in the ALISCORE-masked datasets, the CAT / CATGTR models 
show more potential to resolve the complicate aspects in my studying. Therefore, in 
GBLOCKS-masked datasets, to reduce the confusing results and save the time, only these models 
are implemented to reconstruct the phylogenetic trees. Therefore, only RAxML and 
Phylobayes3.2e are used for the GBLOCKS-masked datasets. The aiming is to study how the 
derived positions selected by GBLOCKS impacts the trees. 
AA datasets 
The RAxML tree (Fig 3.10_a) supports new topologies in the crab regions, in which 
Anomala is the sister group of Astacidea, Brachyura is the sister group of Thalassinida: Gebiidea, 
and these two clades are polyphyletic. Within the lobster and crayfish regions, Polychelida is the 
sister group of Achelata, which together form a clade sister to the remaining reptantians, and 
Thalassinida is paraphyletic with respect to Brachyura. The Phylobayes tree (Fig 3.10_b) supports 
the idea that Achelata is the sister group of the remaining reptantians, and that Thalassinida is 
paraphyletic with respect to Meiura, but fails to resolve the relative positions of the Astacidea and 
Polychelida. The internal relationships of Dendrobranchiata and the relationships of three 




Fig. 3.10_a: Phylogenetic reconstruction of 46 decapods based on Maximum Likelihood (ML) analysis 




Fig. 3.10_b: Phylogenetic reconstruction of 46 de capods based on Bayesian analysis of 




The RAxML tree (Fig 3.11_a) also supports new topologies in the crab regions, in which 
Meiura is paraphyletic with respect to Thalassinida: Gebiidea. Within the lobster and crayfish 
regions, Thalassinida: Axiidea is the sister group of the remaining reptantians, Polychelida is the 
sister group of Astacidea, and Achelata is the sister group of the clade consisting of Brachyura, 
Anomala, and Thalassinida: Gebiidea. The Phylobayese tree (Fig 3.11_b) supports Polychelida 
being the sister group of Astacidea, and Thalassinida being paraphyletic with respect to Meiura, 




Fig. 3.11_a: Phylogenetic reconstruction of 46 decapods based on Maximum Likelihood (ML) analysis 




Fig. 3.11_b: Phylogenetic reconstruction of 46 de capods based on Bayesian analysis of 




The RAxML tree (Fig 3.12_a) supports Achelata being the sister group of the remaining 
reptantians, Polychelida being the sister group of Astacidea, and Thalassinida being paraphyletic 
with respect to Meiura. The phylobayese tree (Fig 3.12_b) supports the idea that Polychelida is the 
sister group of Astacidea, and Thalassinida is paraphyletic with respect to Meiura, but fails to 





Fig. 3.12_a: Phylogenetic reconstruction of 46 decapods based on Maximum Likelihood (ML) analysis 




Fig. 3.12_b: Phylogenetic reconstruction of 46 decapods based on Bayesian analysis of 
GBLOCKS-masked Genome datasets. Phylobayes3.2e is used here.  
3.2.3.3 Unmasked datasets 
In a comparison of the ALISCORE-masked datasets and unmasked datasets, the AA datasets 
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and NT datasets are nearly the same, and the major difference lies in the Genome datasets. 
Therefore, two unmasked genomic trees under CAT / CATGTR models are constructed, and the 
resultant trees are the same with ALISCORE-masked genome trees. 
Genome datasets 
The RAxML tree (Fig. 3.13_a) supports Achelata being the sister group of the remaining 
reptantians, Polychelida being the sister group of Astacidea, and Thalassinida being paraphyletic 
with respect to Meiura. The Phylobayes tree (Fig. 3.13_b) supports Polychelida being the sister 
group of Astacidea, and Thalassinida being paraphyletic with respect to Meiura, but fails to 




Fig. 3.13_a: Phylogenetic reconstruction of 46 decapods based on Maximum Likelihood (ML) analysis 




Fig. 3.13_b: Phylogenetic reconstruction of 46 de capods based on Bayesian analysis of unmasked 
Genome datasets. Phylobayes3.2e is used here.  
3.2.4 Phylogenetic analyses without the long-branch species Polycheles typhlops  
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Under the CAT / CATGTR model (used RAxML and Phylobayes software packages), 
Polycheles typhlops shows a long branch in ALISCORE-masked datasets. To decrease the impact 
of long-branch attraction when no f urther representatives in the Polychelida are available, the 
Polycheles typhlops is deleted in following analyses to study how the long-branch species impacts 
the trees. In this section, only ALISCORE-masked datasets and CAT / CATGTR models are used 
to exclude the impacts from other areas. 
On the high-level relationships, except for the Genome Phylobayes tree, the remaining trees 
resulted in the same topologies: ((((((((Brachyura, Anomala), Thalassinida: Gebiidea), 
Thalassinida: Axiidea), Astacidea), Achelata), Stenopodidea), Caridea), Dendrobranchiata). On the 
low-level relationships, the internal relationships of Decdrobranchiata and the relationships of 
Eriocheir group and Scylla group in Brachyura are still problematic.  
3.2.4.1 ALISCORE-masked AA datasets 
Both RAxML and Phylobayes trees (Fig. 3.14_a and b) support Achelata being the sister 
group of the remaining reptantians, and Astacidea being the sister group of the clade consisting of 
Polychelida, Achelata, Thalassinida: Gebiidea, Thalassinida: Axiidea and Meiura, and 
Thalassinida being paraphyletic with respect to Meiura. However, the internal relationships of 




Fig. 3.14_a: Phylogenetic reconstruction of 45 decapods based on Maximum Likelihood (ML) analysis 




Fig. 3.14_b: Phylogenetic reconstruction of 45 de capods based on Bayesian analysis of 








3.2.4.2 ALISCORE-masked NT datasets 
The RAxML tree (Fig. 3.15_a) supports Achelata being the sister group of the remaining 
reptantians, and Astacidea being the sister group of the clade consisting of Polychelida, Achelata, 
Thalassinida: Gebiidea, Thalassinida: Axiidea and Meiura. The Phylobayes tree (Fig. 3.15_b) fails 
to resolve the relative position of Astacidea and Achelata. However, both of them support 




Fig. 3.15_a: Phylogenetic reconstruction of 45 decapods based on Maximum Likelihood (ML) analysis 




Fig. 3.15_b: Phylogenetic reconstruction of 45 de capods based on Bayesian analysis of 
ALISCORE-masked NT datasets. Phylobayes3.2e is used here. 
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3.2.4.3 ALISCORE-masked Genome datasets 
The RAxML tree (Fig. 3.16_a) supports Achelata being the sister group of the remaining 
reptantians, and Astacidea being the sister group of the clade consisting of Polychelida, Achelata, 
Thalassinida: Gebiidea, Thalassinida: Axiidea and Meiura, and Thalassinida being paraphyletic 
with respect to Meiura. The Phylobayes tree (Fig. 3.16_b) supports Thalassinida: Gebiidea being 
the sister group of Meiura, and Achelata being the sister group of the clade consisting of 





Fig. 3.16_a: Phylogenetic reconstruction of 45 decapods based on Maximum Likelihood (ML) analysis 




Fig. 3.16_b: Phylogenetic reconstruction of 45 de capods based on Bayesian analysis of 




4.1 Discussion of part (A) 
4.1.1 Most parsimonious scenario of gene rearrangement process in three new 
sequenced decapods 
As all available dendrobranchiate shrimps and carideans retain the pancrustacean ground 
pattern (Boore, 1998), this pattern of gene arrangements is assumed to be the decapod ground 
pattern (Fig. 4.1). Compared with this decapod ground pattern, three of the 13 newly sequenced 
decapods have derived gene arrangments that cannot be explained by one translocation or 
inversion event. The most parsimonious evolutionary scenarios explaining the mitochondrial gene 
order in these three decapods are described below. 
Polycheles typhlops: The ancestral gene order of Decapoda is shown as the starting point in 
Fig. 4.1. The duplication of a huge region spanning from the A-R-N-S-E-F trn cluster to the I-Q 
trn pair is the first step in the genomic evolution. Notably, the same region is inverted in the mt 
genomic evolution of Procambarus fallax f. virginalis and Homarus gammarus. Therefore, this 
region is supposed to be the hot region in decapod mt-genomic evolution (for details, see below). 
Then, the subsequent losses of redundant genes formed the major aspect of this mt genome. 
Unfortunately, no further information is available to infer when the translocations of four tRNAs 




Fig. 4.1: Most parsimonious evolutionary scenario explaining the mitochondrial gene arrangement in 
Polycheles typhlops (A-C). The decapod ground pattern was retained in Dendrobranchiata and Caridea. 
The line under the ground pattern gene arrangement shows the huge duplicated region. One duplication 
and three translocation events happened in P. typhlops. 
Procambarus fallax f. virginalis: The most parsimonious scenario explaining the gene 
rearrangements is shown in Fig. 4.2. T he ancestral gene order of Decapoda is assumed as the 
starting point, in which initially two tandem duplication events have happened. This step is 
followed by the first huge inversion spanning from trnF to trnQ and a subsequent loss of 
redundant genes. Then, a third tandem duplication spanning from trnN to the control region (CR) 
occurred, following the deletion of redundant genes. Finally, a second inversion spanning from the 
CR to trnN gave rise to the main gene arrangement pattern found in Procambarus fallax f. 
virginalis. Unfortunately, no further information is available to infer when the translocation of 
trnP happened, although it is shown to be the last step in Fig. 4.2. Moreover, all the tandem 
duplication regions shown in Fig. 4.2 a re the minimum regions inferred from the following 




Fig. 4.2: Most parsimonious evolutionary scenario explaining the mt gene rearrangements in 
Procambarus fallax f. virginalis (A-G). The decapod ground pattern was retained in Dendrobranchiata 
and Caridea. All gene blocks involved in the tandem duplication are the minimum blocks inferred from 
the obtained results. Three duplications, two inversions, and one translocation occurred in Procambarus 
fallax f. virginalis 
Homarus gammarus: The ancestral gene order of Decapoda is shown as the starting point in 
Fig. 4.3. Two tandem duplication events, namely the duplication of the E-F tRNA pair and the 
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duplication of the I-Q tRNA pair, happened first. The same inversion as for Procambarus fallax f. 
virginalis occurred as the second step. Subsequently, the degraded copies of six tRNAs were 
deleted from the genome. Finally, the I-Q tRNA pair and trnM-nad2 gene block are lost from the 
genome independently.  
 
Fig. 4.3: Most parsimonious evolutionary scenario explaining the mt gene rearrangement in Homarus 
gammarus (A-E). The decapod ground pattern was retained in Dendrobranchiata and Caridea. All gene 
blocks involved in the tandem duplication are the minimum blocks inferred from the obtained results. 
Two duplications, one inversion, and two missing events occurred in Homarus gammarus. 
4.1.2 Notable events in astacid mt genomic evolution 
Until 1st June 2011, the mt genomic arrangement of astacids was only known in the 
Australian freshwater crayfish Cherax destructor in GenBank, and this species has an atypical 
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gene arrangement compared with the ancestral decapod gene order. Eleven genes appear to have 
translocations, two of which have also undergone inversions. A huge duplication spanning from 
nad5 to the putative CR is assumed to have occurred in this species, following the lost of one copy 
of each duplicated gene. Additionally, the protein-coding gene nad2 and two tRNAs (trnP and trnV) 
change their positions on this mt genome. Miller et al. (2004) have concluded that the novel mt 
genomic arrangement observed in Cherax destructor represents the mt genomic arrangement of all 
freshwater crayfish within Astacidea. However, in my study, neither the new sequenced freshwater 
crayfish nor the two marine lobsters show the gene arrangement of Cherax destructor. Moreover, 
all of them have unique gene arrangements that are different from the anceatral decapod gene 
arrangement. According to my analyses, one rearrangement is a convergent event in the mt 
genomic evolution of Astacidea, namely the inversion of the region spanning from the CR to the 
A-R-N-S-E-F trn cluster (hot region). Furthermore, this inversion is more like the convergent 
event in the mt genomic evolution of Astacidea and Priapulida among Ecdysozoa (Braband et al. 
2011). In addition to this inversion, the missing protein-coding gene nad2 is also notable in the mt 
genomic evolution of Astacidea, although the mechanism of such a loss is far from understood. 
The inversion of the hot region: 
In the studying of Webster et al. (2006), a single inversion event, involving a contiguous 
section of 18 genes, linked gene orders in Priapulus caudatus and some investigated arthropods, 
and was assumed to happen in the last common ancestor of all arthropods. However, according to 
analysis of the gene orders in the onychophorans and more refreshed arthropods (Braband et al. 
2011), this hypothesis was rejected, and the gene order found in the chelicerate Limulus 
polyphemus was assumed to be the ground pattern of the Ecdysozoa. In my studying, the same 
inversion found in the Priapulus caudatus has been found in two astacids Homarus gammarus and 
Procambarus fallax f. virginalis (Fig. 4.4), and searching the taxa outside the Ecdysozoa, such 
inversion also exists in phoronids, entoprocts and mollusks (Padsiadlowski et al. 2009). Surprising 
and suspecting again, whether this inversion happened in the priapulid or the arthropod lineage? 
To answer this question, the mechanism of this inversion is explored. 
Based on t he tranditional assumption that animal mt genomes lack DNA recombination 
activity, mt gene rearrangement has usually been identified as a t andem-duplication caused by 
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replication error mispairing followed by multiple deletions of redundant genes (TDRL model) 
(Moritz et al. 1986; Boore 1999; San Mauro et al. 2006). However, the TDRL model cannot 
explain gene inversions. Meantime, it is hard to conceive of a mechanism that does not invoke 
some sort of recombination could account for gene inversions (Dowton 2001). Now the most 
reasonable explaination for the inversion happened on the mt genomes in invertebrate is the 
“intramolecular recombination” model which has been proposed firstly by Lunt and Hyman (1997) 
based on the fact that the repeat regions of Meloidogyne javanica (Nematoda, Heteroderidae) 
excised from the mt genome and formed a minicircle existing out of the majorcircle. According to 
this model, break points frequently occurred at short, direct repeats of up to 13 bp. If mt genome is 
broken and rejoined at such sites, one possible end product is a inversion (Kajander et al. 2000). 
According to this model, the break points, not the length of the inverted region, are keys for the 
inversion. That means if the boundaries of the inversion are the hot spots in the gene 
rearrangements, the same inversion event is possible to have happen independently several times 
in one clade. In this case, as the two boundaries of this inversion are the control region and the six 
tRNAs cluster, it is more parsimonious to conclude that this inversion occurred independently in 
the Priapulus caudatus, Homarus gammarus and Procambarus fallax f. virginalis, and this 





Fig. 4.4: The same inversion observed in the Procambarus fallax f. virginals, Homarus gammarus, and 
Priapulus caudatus. The decapod ground pattern is retained in Dendrobranchiata and Caridea, and 
ecdysozoan ground pattern is inferred by Braband et al. (2011). 
4.1.3 Possible mechanisms of decapod mt genomic rearrangements 
Based on the assumption of the absence of recombination in mt genomes, rearrangements of 
mt genes have usually been identified as a result of TDRL. As a possible exception, Lavrov et al. 
(2002) have reported a duplication and non-random loss model to explain the rearrangements that 
have occurred in two millipedes, Narceus annularus and Hyropygus sp. (Arthropoda: Diplopoda). 
The authors have assumed that the promoters and the unidirectional transcription termination 
signals are located in the same non-coding region of the mt genome. Then, a tandem duplication 
of the entire mt genome followed the disability of one of the duplicated promoters, resulting in the 
loss of genes having the same transcriptional polarity from the same genome copy. However, 
these models cannot explain the inversion and nontandem duplications. In the meantime, recent 
molecular research has shown the existence of the recombination in animal mt genomes 
(Thyagarajan et al. 1996; Lunt and Hyman 1997; Kajander et al. 2000, 2001; Kraytsberg et al. 
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2004; Rawson 2005; Sato et al. 2005; Tsaousis et al. 2005) urging us to reconsider other 
duplication models mediated by recombination (Dowton and Campbell 2001; Endo et al. 2005; 
Mueller and Boore 2005). Thus, several other models involving recombinations have been 
proposed to explain the mt genomic rearrangement process. The “intramolecular recombination” 
model (Lunt and Hyman 1997; Kajander et al. 2000) is the most reasonable explanation to date for 
the inversion that happened in the mt genomes. Additionally, two distinct recombination models, 
namely the “illegitimate recombination via minicircle” (Holt et al. 1997; Lunt and Hyman 1997; 
Kajander et al. 2000; Dowton and Campbell 2001; Mueller and Boore 2005) and the “general 
(homologous) recombination” (Thyagarajan et al. 1996; Kajander et al. 2001; Ladoukakis and 
Zmyos 2001; Sato et al. 2005) mechanisms have been proposed to explain the nontandem 
duplication. In the illegitimate recombination via a minicircle, a part of the mt gene region is 
excised from one mt genome and forms a separate minicircle molecule that is then inserted into 
another genome; the insertion results in nontandem-duplication regions within the mt genome. 
The general recombination process exchanges DNA strands of two genomic portions with 
identical or similar nucleotide sequences between genomes (or within a DNA molecule). When the 
exchanged DNA strands contain the unequal set of genes or regions, one of the resultant molecules 
(or genomic portions) will have an extra copied gene region; thus, this recombination process will 
cause gene duplication. 
For the translocation of tRNAs in the 46 decapods, no regulations have been found. They act 
more like transposons (jumping genes) on the genomes, and several tRNAs have been translocated 
at least twice in the same species. The majority of these translocations are long-distance 
translocations that cannot be explained by the TDRL model, indicating that recombination rather 
than replication slippage has probably been the main cause of mt genomic reorganization during 
decapod evolution.  
As for the translocation of protein-coding plus rRNA genes (Fig. 4.5 –t Type, Table 3.2), all 
rearranged genes have been found to be included in the hot region (spanning from the 
A-R-N-S-E-F tRNA cluster to the CR) and the boundary gene blocks trnM - nad2 and (trnG) - 
nad3. To explain the gene rearrangements in the hot region, the inversion of the whole hot region 
is assumed to be the first and principle step in the evolution, as has happened in Cherax destructor 
(Fig. 4.5 –t Type2, Table 3.2), Procambarus fallax f. virginalis (Fig. 4.5 –t Type3, Table 3.2), 
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Homarus gammarus (Fig. 4.5 –t Type4, Table 3.2), Polycheles typhlops (Fig. 4.5 –t Type5, Table 
3.2), Shinkaia crosnieri (Fig. 4.5 –t Type8, Table 3.2), Xenograpsus testudinatus (Fig. 4.5 –t 
Type9, Table 3.2), Dromia personata (Fig. 4.5 –t Type9, Table 3.2), Eriocheir hepuensis (Fig. 4.5 
–t Type10, Table 3.2), Eriocheir japonica (Fig. 4.5 –t Type10, Table 3.2), and Eriocheir sinensis 
(Fig. 4.5 –t Type11, Table 3.2). The following duplication of the whole hot region and subsequent 
loss of redundant genes in these species are shown in Fig 4.6. The inversion of the hot region can 
be explained by the “intramolecular recombination” model, and the duplication might have 
happened in three possible ways that I will discuss later. As for the high mobility of the boundary 
gene blocks in Cherax destructor (Fig. 4.5 –t Type2, Table 3.2), three thalassinids (Fig. 4.5 –t 
Type6, Table 3.2), and four anomalans (Fig. 4.5 –t Type7 and –t Type8, Table 3.2), the 
high-frequency DNA recombination model around the CRs with recombination-dependent DNA 
replication proposed by Kurabayashi et al. (2008) might serve as a good explaination. Additionally, 
the functional relationships between the former mobile tRNAs and the subsequent protein-coding 
genes, at least in the trnM - nad2 block (Mabuchi et al. 2004; Kurabayashi et al. 2006; Gissi et al. 






Fig. 4.5: Types of gene arrangements in the decapods. 46 decapods are investigated in my study. Among 
them, six dendrobranchiatans, five carideans and five achelatans retain the decapod ground pattern. All 
derived gene orders are shown in the picture, and described in the table 3.2. The GenBank numbers of all 
investigated decapods are shown in table 2.1. “Type” in front of the species name represents the gene 
arrangement type involving all the genes on the mt genomes, and “ -tType” in blue after the species name 
represents the gene arrangement type involving protein-coding genes plus rRNAs on the mt genomes. 
“Type 1*” means this type of gene arrangement is the same as the decapod ground pattern except for the 
loss of several genes on the genome. “ □ D” indicates that the duplication of the hot region happened in 
this species, and “ □ I” indicates that the inversion of the hot region happened in this species. The 
protein-coding genes in the two mobile gene blocks trnM-nad2 and (trnG)-nad3 are in gray. Putative 
control regions (CRs) are shaded. Genes encoded on the minus strand are underlined. 
Three possible ways to duplicate the whole hot region 
In the previous section, it is mentioned that the inversion of the whole hot region might easily 
happen in Decapoda, and that the tandem duplication and random loss (TDRL) of genes / CRs 
around two boundaries is the first step of this inversion. Although the fixed duplicated CRs or the 
repeated conserved sequence blocks (CSB) within the CR have not been found in any of the 
decapods, the rearrangements of the CR – trnI – trnQ frequently happened in the decapod mt 
genomes; in particular, the duplicated trnQ located upstream of the CR in the Stenopus hispidus 
indicates that the duplication of the CR actually happened in decapods. If the CR was tandemly 
duplicated, the inversion might have occurred before the deletion of one of the duplicated CRs 
(CR1 and CR2) resulting in the inversion bringing one of the duplicated CRs to the other 
boundary of the hot region; this CR (CR2) might also keep the function in a short time (Fig. 4.6). 
After such an inversion, three possible ways to duplicate the whole hot region have been figured 
out and represented in Fig. 4.6, assuming that both CRs contain the bidirectional functional 
promoters and replication termination signals. 
First, if the replication started from the CR1, passed through the CR2 and CR1 and stopped at 
the CR2 in the second time round, it would generate the duplicated hot region directly. The 
imprecise termination of the replication is the reason for this duplication. Second, if the replication 
started from the CR1 and stopped at the CR2 in the first time round, it would generate a short 
fragment containing the whole hot region. According to the “illegitimate recombination via 
minicircle” model, this fragment can form a minicircle molecule and insert into another genome. 
This insertion resulted in the duplication of the hot region within the mt genome. In addition to 
these two possibilities, a third possibility can be proposed for the duplication of the hot region. 
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This hypothesis came from my long range PCR results of Homarus gammarus, in which the long 
trnE - trnF - nad5 repeat (original orientation) was obtained in front of the inverted hot region 
several times until a special denaturing solution provided in the REPLI-G mini kit was used. The 
inversion of the hot region in Homarus gammarus is thought to have made the secondary structure 
of the mt gonome change, and the new structure is easy to confuse the long-range PCR 
polymerase jumping to the other strand at the end of the inversion in the proceeding of PCRs. 
Therefore, sometimes a long repeat occurs before the inversion. If this special secondary structure, 
generated by the inversion, can attract the DNA polymerase jumping to the other strand during 
replication, a duplicated hot region can be introduced into the mt genome. The promters can be 
bidirectional or unidirectional only as far as the third hypothesis is concerned.  
After the duplication of the whole hot region, inversion might happen once again and result in 
the same strand orientation of two copies. Four ways are observed to lead to the loss of one of the 
duplicated genes in the later evolution in eight decapods (Fig. 4.7). Although the TDRL model can 
also explain the duplication here, the length of the whole hot region (almost half of the genome) 
and the conservation of the genes outside of the hot region suggest that a different 




Fig. 4.6: “Inversion triggered duplication” model proposed to explain the duplication of the hot region as 
has happened in the examined decapods. Letters represent genes in the hot region. CR1 and CR2 are two 
copies of the duplicated control region (CR); “□” represents the A-R-N-S-E-F tRNA cluster (another 
boundary) of the hot region; TDRL is the abbreviation for tandem duplication and random loss (TDRL 




Fig. 4.7: Random loss of one of the duplicated copies after the duplication of the whole hot region in 
eight decapods. The lost genes are in gray. Four ways of losing the second copies of the duplicated genes 
have been observed. The independent occurrences of the similar loss events have been observed in one 
anomalan and three brachyurans 
4.1.4 Systematic significance of the derived gene order in Decapoda 
The mt genome arrangements are generally thought to reflect phylogenetic relationships 
(Boore and Brown 1994, 1998; Macey et al. 2000). In support of this, many gene rearrangements 
observed in animal mt genomes occur in a lineage-specific manner (Boore et al. 1995; Mabuchi et 
al. 2004; Inoue et al. 2005; Kurabayashi et al. 2008). Here, the gene rearrangements in each 
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decapod lineage is inferred on the slightly modified ALISCORE-masked ML NT tree (Fig. 4.8).  
tRNAs: In the former studies on t he mt genome reorganization of Decapoda, the shared 
rearrangement event has only been known in the eubrachyurans: trnH is translocated to the 
position between tnnE and trnF. However, according to my new data, trnH is translocated out of 
the ancestral position but not to the same position in Dromia personata as that of other 
eubranchyurans. A sequential translocation of trnH is proposed in Fig. 4.8: trnH was first 
translocated to the position before nad5, which is the synapomorphic character of brachyurans, 
and then trnH was translocated to the position between tnnE and trnF, which is the synapomorphic 
character of eubrachyurans. Additionally, the independent occurrences of two similar 
arrangements in several decapod lineages are surprising: 1) the trnL1-trnL2 or trnL1-trnL2 pair 
observed in the stenopodidean (Stenopus hispidus), four thalassinids (Calocaris macandreae, 
Neaxius acanthus, Corallianassa coutierei, and Upogebia pusilla), two anomalans (Pagurus 
longicarpusa and Cryptolithodes sitchensis), and one brachyuran (Geothelphusa dehaani). 2) The 
Q-C-Y tRNA cluster has been observed in the polychelid (Polycheles typhlops), one thalassinid 
(Upogebia pusilla), and three brachyurans (Eriocheir japonica, Eriocheir hepuensis and Eriocheir 
sinensis). However, these derived gene orders cannot be regarded as synplesiomorphic characters 
for these taxa. The recombination models (illegitimate recombination via minicircle and general 
recombination) might serve as good explanations for the convergent occurrences of these gene 
rearrangements.  
Two boundary gene blocks: they also have similar locations on t he mt genomes in several 
decapod lineages: the trnM-nad2 block translocated to the position before atp8 is shared by all 
anomalans; the trnG-nad3 block translocated to the position before cox3 is shared by three 
thalassinids and three anomalans (the location of trnG in Shinkaia crosnieri indicates that such a 
translocation also happened in this species). Thus, it is inferred that the translocation of trnM-nad2 
and trnG-nad3 blocks had happened in the common ancestor of the anomalans, and the 
translocation of the trnG-nad3 block had happened in the common ancestor of one thalassinid 
group (Thalassinida: Axiidea). Although the translocation of the trnG-nad3 block occurred in all 
anomalans and axiideans, it is more possibly a convergent event in the evolution of the Anomala 
and Axiidea lineages (Fig. 4.8). 
Hot region: Among the gene arrangements observed in decapod mt genomes, the gene 
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rearrangements in the hot region are remarkable. According to my new model, inversion plus 
duplication is the way to form new arrangements of the hot region in eight decapods, and 
inversion is the way to form new arrangements in two astacids. Therefore, the time at which these 
inversions happened in the evolution of the mt genome is important to estimate in the decapod mt 
genomic evolutionary process. It is assumed that the inversion happened independently in two 
clades (the clade of Astacidea and the clade consisting of Xenograpsus testudinatus and three 
Eriocheir species) and three species (Polycheles typhlops, Shinkaia crosnieri and Dromia 
personata), and that the duplication of the whole hot region followed immediately in most cases. 
The only exception is the clade Astacidea, the four species of which evolved via three different 
ways: the inversion was kept in Procambarus fallax f. virginalis and Homarus gammarus, the 
duplication of the whole hot region happened in Cherax destructor, and the reversal of the 
inversion occurred in Enoplometopus occidentalis. After the duplication of the whole hot region, 
Shinkaia crosnieri and three Eriocheir species notably have the same way to lose one of the 
redundant copies (Fig. 4.7). However, the poor taxonomic sampling makes any conclusions here 




Fig. 4.8: The most parsimony pathways for the evolution of the hot region, two mobile gene blocks, and 
the sequential translocation of trnH in Brachyura. The topologies and branch lengths come from the 
maximum likelihood analysis of decapods based on the nucleotides of ALISCORE-masked 12 m t 
protein-coding genes (Fig. 3.4_b). 
4.2 Discussion of part (B) 
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4.2.1 Comparison of the phylogenetic trees under different masking processing 
and different models  
In this part, twenty trees were constructed in total, based on different datasets, different 
masking processes, and different phylogenetic models. Comparing the topologies of these, 10 
different topologies have been observed and are shown in Fig. 4.9. 
 
Fig. 4.9: Phylogenetic trees with 46 decapods shown in a simple way. The trees come from (A) 
ALISCORE-masked AA datasets, Treefinder; (B) ALISCORE-masked AA datasets, RAxML; (C) 
ALISCORE-masked AA datasets, MRBAYES; (D) ALISCORE-masked AA datasets, Phylobayes; 
ALISCORE-masked NT datasets, RAxML; ALISCORE-masked genome datasets, RAxML; 
GBLOCK-masked genome datasets, RAxML; unmasked genome datasets, RAxML; 
ALISCORE-masked genome datasets, MRBAYES; (E) ALISCORE-masked NT datasets, Treefinder; 
ALISCORE-masked genome datasets, Treefinder; (F) ALISCORE-masked NT datasets, MRBAYES; 
(G) GBLOCK-masked AA datasets, RAxML; (H) GBLOCK-masked NT datasets, RAxML; (I) 
ALISCORE-masked NT datasets, Phylobayes; ALISCORE-masked genome datasets, Phylobayes; 
GBLOCK-masked NT datasets, Phylobayes; GBLOCK-masked genome datasets, Phylobayes; 
unmasked genome datasets, Phylobayes; (J) GBLOCK-masked AA datasets, Phylobayes. 
4.2.1.1 ALISCORE-masked phylogenetic trees 
Treefinder vs RAxML: both of the software packages have been used to construct the 




Similar parts: all trees show the same topology in the shrimps (Denderobranchiata, Caridea 
and Stenopodidea) and crabs (Brachyura and Anomala) parts.  
Different parts: all Treefinder trees support polyphyletic Thalassinida: one thalassinidan 
group (Axiidea) is the sister group of the clade consisting of the rest reptantians, and another 
thalassinidan group (Gebiidea) is the sister group of Meiura, and supports the sister group 
relationship of Achelata and Polychelida. However, these Treefinder trees have different 
topologies on the relative positions of Astacidea and Achelata (Fig. 4.9 A, E). All RAxML trees 
support paraphyletic Thalassinida, which is close related to Meiura, and support the proposal that 
Achelata is a m ore basal lineage than Astacidea in the evolution of reptantians. The only 
difference in RAxML trees is the position of Polychelida, which is the sister group of Astacidea in 
the NT and Genome datasets (Fig. 4.9 D ), but representing a basal lineage in the evolution of 
reptantians in AA datasets (Fig. 4.9 B ). According to the morphological studies, Thalassinida 
represents the basal lineage in the evolution of the reptantians lacks support, and the topologies are 
more stable in RAxML analyses than in Treefinder analyses; therefore, it is thought that the 
CAT/CATGTR model implemented in RAxML is more suitable in these analyses.  
MRBAYES vs Phylobayes: both of these software packages construct Bayesian trees, and 
the differences are the models used in the phylogenetic analyses.  
Similar parts: all trees support Meiura (Anomala + Brachyura) is monophyletic.  
Different parts: two of three Phylobayes trees (NT and Genome datasets) did not resolve the 
relative positions of Achelata and Astacidea, whereas the resolved parts have the same topologies 
with the resolved AA datasets (Fig 4.9 D, I). All of the Phylobayes trees support the idea that the 
Polychelida is the sister group of Astacidea, and that Thalassinida is paraphyletic and close related 
to Meiura. As for the shrimp parts, they have the same topologies. Three MRBAYES trees have 
three different topologies: the AA tree supports Polychelida being the sister group of Achelata, 
both of which forms the basal clade of Reptantia, and the rest decapods show the same 
relationships with the Phylobayes trees (Fig 4.9 C); the NT tree is the only tree that suggests 
Stenopodidea representing the basal lineage within Decapoda, one group of Thalasinida (Axiidea) 
representing the basal lineage within Reptantia, and Polychelida being the sister group of Achelata 
(Fig 4.9 F); the Genome tree show the same topologies with the Phylobayes trees (Fig 4.9 D). In 
these analyses, the Phylobayes trees are more stable than the MRBAYES trees, and therefore, it is 
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thought that the CAT/CATGTR model implemented in Phylobayes3.2e is much better than the 
traditional MetRev/GTR model implemented in MRBAYES.  
Conclusion: in all ALISCORE-masked datasets, both maximum likelihood analyses and 
Bayesian analyses show more stable results under the CAT/CATGTR model. Therefore, it is 
thought that the CAT/CATGTR model is more suitable than traditional models in my studying. 
4.2.1.2 ALISCORE-masked datasets vs GBLOCK-masked datasets vs 
unmasked datasets 
Under the CAT/CATGTR model, both ML and Bayesian trees are constructed by using two 
different masking methods and finally three different topologies under the ALISCORE-masking 
method (Fig. 4.9 B, D, I) and five different topologies under the GBLOCK-masking method (Fig. 
4.9 D, G, H, I, J) are obtained. Comparison of the ALISCORE-masked datasets and unmasked 
datasets, the AA datasets and NT datasets are almost the same size, and therefore, only two 
unmasked Genome trees are constructed; the resultant unmasked Genome trees are the same with 
ALISCORE-masked Genome trees.  
Similar part: most Phylobayesian trees cannot resolve the relative positions of Achelata, 
Astacidea, and Polychelide (Fig. 4.9 I, J). All trees have the same topologies with regard to the 
shrimp parts.  
Different part: one of three ALISCORE-masked trees is unresolved (Fig. 4.9 I) at the relative 
positions of Achelata and Astacidea, and two other trees support the idea that the Achelata is a 
more basal lineage than Astacidea within Reptantia. The different part of these three trees is the 
position of Polychelida: the ALISCORE-masked AA RAxML tree (Fig. 4.9 B ) supports 
Polychelida being the sister group of the rest Reptantia, whereas the remaining 
ALISCORE-masked trees support Polychelida being the sister group of Astacidea (Fig. 4.9 D, I). 
For the remaining part, all of ALISCORE-masked trees support the paraphyletic Thalassinia being 
close related to the monolhyletic Meiura. However, GBLOCK-masked trees have five different 
topologies (Fig. 4.9 D, G, H, I, J): the GBLOCK-masked Genome RAxML tree has the same 
topology as the ALISCORE-masked Genome RAxML tree (Fig. 4.9 D ); the GBLOCK-masked 
AA RAxML trees do not support the monophyletic Meiura and place Anomala as a sister group of 
Astacidea (Fig. 4.9 G ); the GBLOCK-masked NT RAxML tree also does not support the 
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monophyletic Meiura and places one group of Thalassinida (Gebiidea) in the position between the 
Brachyura and Anomala (Fig. 4.9 H); no GBLOCK-masked Phylobayes trees can resolve the 
relative positions of the Astacidea, Achelata, and Polychelida, but the remaining decapods show 
the same topologies with the ALISCORE-masked Phylobayes trees (Fig. 4.9 I. J).  
Conclusion: in a comparison of the GBLOCK-masked datasets and ALISCORE-masked 
datasets, GBLOCKS cut out more positions, which might contain important evolutionary 
information, than ALISCORE, and ALISCORE kept almost all positions that resulted in the 
similar topologies with unmasked datasets. Additionally, ALISCORE-masked trees are more 
stable than GBLOCK-masked trees, especially with regard to the crab part. Therefore, the 
ALISCORE-masking method is more suitable than the GBLOCK-masking method.  
4.2.2 Methodological discussion 
4.2.2.1 Species choice for the phylogenetic analyses 
Due to the fact that the species shown long branches in the molecular analyses might bias the 
tree reconstruction (Aguinaldo et al. 1997; Brinkmann et al. 2005; Philippe et al. 2005b; 
Brinkmann and Philippe 2008; Heath et al. 2008), the selected species included in the analysis are 
considered as influential parameters. Wägele and Mayer (2007) once separated the long-branch 
artifacts (LBA) into three classes and described them in detail. In their description, classⅠartifacts 
consist of false monophyletic groups, which in reality are paraphyletic groups. They arise because 
of the false interpretation of the plesiomorphic characters as synapomorphies. The addition of 
more species positioned between the internal and terminal taxon or the out groups and the internal 
taxa can minimize this effect (Hendy and Penny 1989; Zwickl and Hillis 2002; Bergsten 2005; 
Brinkmann and Philippe 2008). Class Ⅱ artifacts are caused by drastic signal erosion. Long 
branches affected by this phenomenon usually introduce the false clades that in reality are 
polyphyletic in the tree. To recover the correct phylogeny, more conservative genes must be used. 
Class Ⅲ artifacts are caused by accumulated chance similarities or convergent character states. 
This sort of noise can be reduced by selecting less variable portions of the data set, avoiding biases, 
and adding more slowly evolved species.  
In this study, as many taxa within each decapod group have been sampled as possible to 
minimize LBAⅠ, and species that are not derived from the ground pattern of the decapods have 
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also been sampled to minimize LBA Ⅲ. As shown in the Results, Polycheles typhlops (Polychelida) 
still shows an extremely long branch after elimination of the negative impacts from an unsuitable 
model and a bad masking processing. This is supposed to be the main reason for its grouping with 
Achelata or Astacidea in most trees. However, this taxon does not show visible negative impacts 
on the phylogenetic positions of the other decapod groups in my studies (see Results and Fig. 
4.10). Expansion of the taxon sampling is the only way of obtaining the real position for this taxon. 
However, because of the difficulty in collecting deep sea mud-dwelling polychelids, I could not 
include more species of this taxon. 
 
Fig. 4.10: Phylogenetic trees without Polycheles typhlops shown in a simple way. The tree is produced 
from (A) ALISCORE-masked AA datasets, RAxML, and Phylobayes; ALISCORE-NT datasets, 
RAxML, and Phylobayes; ALISCORE-masked genome datasets, RAxML; (B) ALISCORE-masked 
genome datasets, Phylobayes 
4.2.2.2 Gene-choice for phylogenetic data 
The choice of suitable genes is a co mplicated, but essential task for phylogenetic analysis. 
Many unsure gene combinations should be tested for phylogenetic reconstruction, e.g., the 
combination of all mt protein-coding genes, the combination of several conservative mt 
protein-coding genes, and the combination of various types of mt genes (protein-coding genes, 
rRNAs, and tRNAs). However, because of the limits of computers, the existing software, and time, 
only two gene combinations, namely the combination of 12 mt protein-coding genes and the 
combination of these protein-coding genes with two rRNAs, have been tested. Many interesting 
aspects of these datasets are not addressed in detail, e.g., the importance of aligning the two rRNAs 
based on the secondary structure, the variability of the deleted bases in the masking processing, 
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and the impact of the third codon position on the phylogenetic reconstruction. In my studying, the 
impact of single genes on the phylogenetic trees remains unclear, and none of the datasets can 
perfectly fulfil the task, however, the complete mt genome still shows the great potential to resolve 
the decapod phylogenetic relationships.  
4.2.2.3 Traditional versus newly explored alignment methods 
Multiple sequence alignment is a basic step for phylogenetic analysis, and therefore various 
software packages have been developed for optimization of sequence alignment, such as Clustal W, 
T-Coffee, MUSCLE, and MUFFT. Generally, the criterion of the good alignment software 
package is its ability to identify homological positions in various species and to introduce gaps 
into the signal missed positions. Because the various regions of genes have different evolutionary 
speed, e.g., the stem regions evolve more slow than the loop regions in rRNAs, and second condon 
position evolve more slowly than the other condon positions in protein-coding genes, these 
regions require different evolutional models for constructing phylogenetic trees. Currently, the 
ClustalW method, which aligns the sequence according to the features of the input sequences and 
builds up the multiple alignments progressively by a series of pairwise alignments, and the latest 
developed alignment software MUSCLE, which aligns the sequences based on the fast fourier 
transform, are the most used alignment softwares and gain the most favor in aligning large 
expansion segments and gap sections (Katoh and Toh 2008). In my study, both of them perform 
well for the alignment of protein-coding genes. However, the alignments of two rRNAs are 
different, and Muscle performs better than ClustalW, according to the results. The alignment 
results of ClustalW have obvious errors in dealing with the gaps. Therefore, Muscle-aligned 
rRNAs have been applied in the analyses.  
4.2.2.4 Alignment evaluation and masking procedure  
To improve the accuracy of the alignments, the new software ALISCORE and the traditional 
software GBLOCKS are used to delete the ambiguous aligned positions in the alignments. On the 
other hand, the exclusion of such “ambiguous aligned positions” is supposed to be the reason for 
decreasing the resolution of the trees. Therefore, the unmasked datasets are also provided to 
reconstruct the phylogenetic trees in my study. According to the results, the phylogenetic trees 
constructed from ALISCORE-masked datasets are almost the same as the trees constructed from 
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unmasked datasets. This is because the bases deleted by ALISCORE are too few to impact the 
phylogenetic results. Elimination of the negative impacts from the unsuitable models (for details, 
see part 4.1), all trees constructed from ALISCORE-masked datasets have similar topologies, 
which correspond to some morphological cladistic analyses, whereas the phylogenetic trees 
constructed from GBLOCKS-masked datasets are different from each other after elimination of 
the negative impacts from the unsuitable models. Checked all masked datasets, GBLOCKS 
generally deletes more positions (also with less string parameter estimations) than ALISCORE, 
which may lead to an unnecessary loss of valuable information. However, it is not enough to 
conclude the GBLOCKS perform worse than ALISCORE in the masking proceduce, more test 
need to do in the future. 
4.2.2.5 Phylogenetic reconstruction – aspects of modeling 
The model used in molecular phylogenetic analyses describes the process how one sequence 
of characters changes into another set of characters (Kelchner and Thomas 2007). Most 
substitution models used to date assume that the selection operated on t he substitutions are 
unconstrained (neutral), the changes in one site do not affect the probability of changes in another 
site (independent), and a single site can be changed multiple times over evolution (Finite sites). 
However, the new developed model, the CAT model (Lartillot and Philippe 2004), assumes the 
substitution process to be site-dependent and defines the exchange abilities of amino acids to be 
equal (i.e., Poisson process). According to some studies (Lartillot et al., 2007; Blanquart and 
Lartillot 2008), the CAT model performs better for large datasets than standard time-reversible 
and stationary models (e.g., JTT, WAG, or GTR). 
In my study, both standard time-reversible and stationary models (such as mtREV and GTR) 
and the CAT model have been used in the analyses of all datasets. In comparisons with the trees 
under time-reversible and stationary models, the phylogenetic trees constructed under the CAT 
model are more stable, and the topologies are silimar with the results of some morphological 
cladistic analyses, whereas the time-reversible and stationary models generate various kinds of 
phylogenetic trees, even after elimination of the negative impacts from the unsuitable masking 
process. Although the position of Polychelida is still unclear, and some nodal supports are low in 
the trees with the CAT model, the poor taxon sampling is supposed to be the main reason for them.  
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4.2.3 The phylogenetic relationships within Decapoda 
According to the analyses of last section, the ALISCORE-masked datasets with CAT model 
perform better than other combinations, and therefore, only the phylogenetic results under this 
combination have ben analyzed in the following section. 
On the higher taxonomic level, excepting the maximum likelihood analysis of 
ALISCORE-masked AA dataset (Fig. 3. 4_b and Fig. 4.9_B), all the other analyses resulted in a 
single pattern (Fig. 3.5_b, Fig. 3.6_b, Fig. 3.7_b, Fig. 3.8_b, Fig. 3.9_b and Fig. 4.9_D). The only 
difference between these two topologies is the position of Polychelida represented by Polycheles 
typhlops: on the five of six trees (Fig. 3.5_b, Fig. 3.6_b, Fig. 3.7_b, Fig. 3.8_b, Fig. 3.9_b and Fig. 
4.9_D), it is the sister group of Astacidea; while on ALISCORE-masked ML AA tree (Fig. 3. 4_b 
and Fig. 4.9_B), it is the sister group of the rest reptantians. According to these analyses, 
Dendrobranchiata and Pleocyemata are monophyletic groups. Reptantia is a monophyletic clade 
consisting of Achelata, Astacidea, Polychelida, Thalassinida: Axiidea, Thalassinida: Gebiidea, 
Brachyura, and Anomala. Natantia (Stenopodidea, Caridea, and Decdrobranchiata) is paraphyletic 
with all “natant” groups being basal to Reptantia. Thalassinida is a p araphyletic assemblage 
consisting of two subclades (Axiidea and Gebiidea). Except for Polychelida, the stable topologies 
of the remaining eight decapod taxa are show in Fig. 4.11.  
On the lower taxonomic level, Dendrobranchiata received two different topologies according 
to the different calculation methods (ML analyses (Fig. 3.4_b, Fig. 3.6_b, and Fig. 3.8_b,) and 
Bayesian analyses (Fig. 3.5_b, Fig. 3.7_b, and Fig. 3.9_b,)). Three Eriocheir and four Scylla in 
Brachyura received the different topologies according to the different data types (amino acid level 




Fig. 4.11: Tree of Decapoda. The topologies and branch length are modified from the maximum 
likelyhood analysis of amino acid datasets with 46 decapods; the taxon Polychelida was deleted from the 
tree because of the unclear position in my analyses. 
4.2.3.1 The phylogenetic relationships within the shrimp-like decapods 
Early classifications dividing the decapods into swimming (Natantia) and walking (Reptantia) 
lineages (Boas 1880) have been abandoned for a long time. Burkenroad (1963, 1981) separated 
Decapoda into Dendrobranchiata and Pleocyemata, largely based on gill morphology and 
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reproductive biology. A view that is also consistent with decapod brain anatomy (Sandeman et al. 
1993). This approach resulted in paraphyletic Natantia. Now there is little controversy about the 
monophyly of Dendrobranchiata and Pleocyemata (with the notable exception of Toon et al. 2009, 
who show a sister group relationship between Dendrobranchiata and Reptantia). Nevertheless, 
within Pleocyemata the relationships of two natant lineages (Caridea and Stenopodidea) relative to 
the Reptantia have been disputed. Morphological studies and some molecular analyses resolve 
Stenopodidea as sister group to Reptantia (Abele and Felgenhauer 1986; Abele 1991; Scholtz and 
Richter 1995; Schram 2001; Dixon et al. 2003; Schram and Dixon 2004; Bracken et al. 2009). 
However, two alternative hypotheses have been proposed to this issue: 1) Caridea and 
Stenopodidea together form a clade which is the sister group to Reptantia (Burkenroad 1981; 
Tsang et al. 2008b; Chu et al. 2009) and 2) Caridea is the sister group to Reptantia (Christoffersen 
1988; Porter et al. 2005).  
My new trees support Dendrobranchiata being the sister group of the remaining Decapoda, 
i.e. the Pleocyemata. Within Pleocyemata, Caridea is more basal than Stenopodidea, and 
Stenopodidea is the sister group to Reptantia, which agrees with most recent morphological 
analyses. 
 
4.2.3.2 The relationships within Reptantia 
The composition and internal relationships of the highly diverse Reptantia is even more 
contentious. Almost every combination of relationships within the reptant lineages has been 
suggested, by using both morphological and molecular data.  
According to morphological cladistic analyses, Fractosternalia has been proposed by Scholtz 
and Richter (1995) to describe a large monophyletic taxon including Astacida, Thalassinida, and 
Meiura (Anomala + Brachyura), Homarida is the sister group to this clade, and Polychelida is the 
sister group to the rest reptantians. However, the authors are uncertain with regard to the 
relationship of Astacida and Thalassinida. In an alternative grouping, Sterropoda has been 
postulated by Dixon et al. (2003) to describe a sister group relationship between Thalassinida and 
Eurysternalia (Achelata + Meiura). Astacidea is the sister group to this clade, with Polychelida 
being sister group to the rest reptantians. This topology is also supported by fossil evidence 
(Schram and Dixon 2004). Molecular data provide another way to address these issues. Two 
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recent contrasting topologies come from different batches of molecular data: Tsang’s (2008a) 
topologies based on t wo nuclear protein-coding genes show two paraphyletic Thalassinidan 
groups: one group is more close to Meiura, and the other group is more close to the clade Palinura 
(Polychelida + Achelata) plus Astacidea; Bracken’s analyses based on three ribosomal genes and 
one nuclear gene show Brachyura as being the sister group of Achelata, Astacidea as being the 
sister group of both, Polychelida as being the sister group of this clade, and all of them as being 
the sister group of Anomala, with Thalassinida as the basal branch of Reptantia. 
Except for Polycheles typhlops, my analyses of all datasets result in a single pattern of 
relationship among Reptantia. Anomala and Brachyura together constitute Meiura. Thalassinida 
are paraphyletic with respect to Meiura. Astacidea is the sister group to the clade of Thalassinida 
and Meiura. Achelata are resolved as sister group of the remaining Reptantia. Unfortunately, the 
phylogenetic position of Polychelida cannot be resolved in my analyses because of the rapid 
evolution of Polycheles typhlops and the poor taxon sampling of this group. However, my results 
indicate two possible positions for Polychelida. It is either the sister group to the rest reptantians 
or the sister group to Astacidea. On the general level, my new trees are similar to the 
morphological cladistic analysis of Scholtz and Richter (1995) and molecular studies of Ahyong 
(2004). Two major clades of Scholtz and Richter (1995) are confirmed by my analysis, namely 
Meiura and Macrochelata. Eureptantia finds no support and no rejection in my results since the 
long-branch attraction may happen on t he only polichelid. Only Fractosternalia concept can be 
rejected by my results since freshwater crayfish and homarids are monophyletic as Astacidea. The 
“Macrura Reptantia” of Tsang et al. (2008b) comprising Polychelida, Achelata, Astacidea, and part 
of Thalassinida is not supported by my analysis. 
Palinura (Achelata and Polychelida) 
Achelata and Polychelida were first included in a monophyletic taxon “Palinura” (Borradaile 
1907) based on morphological characters such as the reduction of the inner lobes of the 2nd 
maxillae and 1st maxillipeds. Nevertheless, this taxon was doubted by Scholtz and Richter (1995), 
suggesting that Polychelida is the sister group to the rest reptantians, which are called Eureptantia, 
and that scyllarids plus palinurids form the monophyletic taxon Achelata based on the different 
origin of the knobs in polychelids and achelates. Increasing morphological and molecular 
evidence supports this view (Schram 2001; Dixon et al. 2003; Ahyong and O’Meally 2004). 
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However, now arguments can be made for their reunion into the single group Palinura based on 
different datasets (Crandall et al. 2000, M artin and Davis 2001, Tsang et al. 2007, Toon et al. 
2009). My new data does not support this reunion, and two different topologies of Panulira have 
been suggested: the RAxML analysis of ALISCORE-masked AA dataset shows the paraphyletic 
Palinura, which is the same topology with that of the morphological cladistic analysis by Scholtz 
and Richter (1995). However, the other analyses support the polyphyletic Palinura, which resolve 
Achelata as the sister group to the rest reptantians, and Polychelida as the sister group to Astacidea. 
This topology differs from those of all other recent phylogenetic studies. Anyhow, this is only a 
preliminary investigation of the positions for Polychelida and Achelata, and the insufficien taxon 
sampling does not allow me to comment on the internal relationships within these two groups, and 
more reliable results should come from more expanding sampling. 
Astacidea 
 Astacidea include the freshwater crayfish and the marine clawed lobsters. The freshwater 
crayfish (Astacida) are nowadays considered to be a monophyletic taxon, with Astacoidea and 
Parastacoidea as major sister taxa (Scholtz 1993, 1995; Crandall et al. 2000). Only the position of 
the marine clawed lobsters (Nephropoidea and Enoplometopoidea) is disputed. According to the 
analysis of Scholtz and Richter (1995), Astacida and Homarida (the marine clawed lobsters) were 
paraphyletic. However, recent morphological and molecular analyses all supported the monophyly 
of Astacidea (Dixon et al. 2003; Ahyong and O’ Meally 2004; Tsang et al. 2008b; Bracken et al. 
2009; Chu et al. 2009; Toon et al. 2009).  
My trees agree with these recent results and support clearly the monophyly of Astacidea (Fig. 
2, 3) with two subclades, the freshwater crayfish (Astacoidea and Parastacoidea) and the marine 
clawed lobsters (Nephropoidea and Enoplometopoidea).  
“Thalassinida” 
There has been much debate about the interrelationships of Thalassinida, and more 
specifically about the monophyly of this group. Paraphyletic or polyphyletic thalassinids with 
different affinities of the subgroups have been suggested based on larval, sperm, and gastric and 
general morphology (Gurney 1938; de Saint Laurent, 1973; Tudge 1995, 1997; Sakai 2005). In 
contrast, the morphological phylogenetic analyses of Poore (1994), Scholtz and Richter (1995), 
Schram (2001), Dixon et al. (2003) proposed monophyletic Thalassinida. With the exception of 
Tudge et al. (2002), Ahyong and O’Meally (2004), and Tsang et al. (2008a) most molecular 
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studies do not resolve thalassinids as a clade (Morrison et al. 2002; Tudge and Cunningham 2002; 
Tsang et al. 2008 b; Bracken et al. 2009;  Chu et al. 2009; Robles et al. 2009). Despite these 
differences, most analyses suggest two major monophyletic taxa within thalassinids, namely 
Gebiidea and Axiidea (see de Saint Laurent 1973; Robles et al. 2009).  
My data confirm the monophyly of Axiidea and Gebiidea. However, my new trees also 
support the idea of paraphyletic thalassinids. In the analysis, Gebiidea is the sister group of 
Meiura, and Axiidea is the sister group to Gebiidea and Meiura. This result is different from all 
previous molecular analyses but it is not far away from the ideas of Gurney (1938) and de Saint 
Laurent (1973). 
Meiura (Anomala and Brachyura) 
Meiura concept has been first proposed by Scholtz and Richter (1995), which referred to a 
sister relationship between Anomala and Brachyura according to several morphological characters. 
This concept gained support from other morphological and molecular analyses (Schram, 2001; 
Dixon et al., 2003; Ahyong and O’Meally, 2004; Miller and Austin, 2006; Tsang et al. 2008b; 
Bybee et al. 2011). However, recently, the monophyletic Meiura was questioned by some 
molecular studies (Morrison et al. 2002; Porter et al. 2005; Bracken et al., 2009 and Toon et al., 
2009) (Fig. 1). My trees strongly support Meiura as monophyletic, which is consistent with the 
analysis of Scholtz and Richter (1995) (Fig. 2, 3).  
My data, furthermore, confirm that Anomala and Brachyura are both monophyletic. A view 
that is held by almost all recent morphological or molecular studies (e.g. Scholtz and Richter 1995; 
Schram 2001; Morrison et al. 2002; Dixon et al. 2003; Ahyong and O’Meally 2004; Ahyong et al. 
2007, 2009; Brösing et al. 2007; Tsang et al. 2008b; Scholtz and McLay 2009; Bybee et al. 2011; 
Reimann et al. 2011; Karasawa et al. 2011; Tsang et al. 2011) with the notable exception of Spears 
et al. (1992), who resolved polyphyletic Brachyura.  
The brachyuran crabs are traditionally divided into two major groups, Podotremata and 
Eubrachyura, the latter comprising Heterotremata and Thoracotremata (e.g. Guinot 1978; de Saint 
Laurent 1980; Jamieson et al. 1995). Unfortunately, my analysis includes only one podotrematan 
representative (Dromia personata), all other species are eubrachyurans. The insufficient taxon 
sampling makes the analyses of the internal relationships of Brachyura less informative in my 
phylogenetic analysis. However, one aspect in eubrachyurans is noteworthy. Heterotremata 
sometimes interpreted as monophyletic (e.g. Guinot 1978; Jamieson et al. 1995; Chu et al. 2009) 
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Table S1: Universal and specific PCR primers used to amplify and sequence the mitochondrial genome 
of 13 new sequenced decapods  
Primer Name Primer sequence 5’ – 3’ 
















Specific PCR primers 
Stenopodidea 
Stenopus hispidus 
sh-co1-for GAGGAATAACAATAGATCGAATACC  









PV-co1-for ATAGTATGAGCACACCATATATTCAC  










PV-nad5-rev TGGGAGCAGCCATTGCTGCCG  
Scyllarides latus 
SL-co1-for GGAGCACCTGATATAGCTTTTCC 










PT-co1-rev GTCTACTGAAGCTCCTGCATGGG  














































































































Table S2: Primer pairs and sizes of long PCR reactions providing overlapping fragments for the 
mitochondrial genomes of 13 new sequenced decapods  




1 cox1 - nad5 sh-co1-for  sh-nad5-for 6 
2 nad5 - cob sh-nad5-rev sh-cob-rev 3 
3 cob - 16s sh-cob-for sh-16s-for 2 
4 16s - cox1 sh-16s-rev sh-co1-rev 4 
Polycheles typhlops  
1 cox1 - cox3 PT-co1-for PT-co3-rev 3.5 
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2 cox3 - 12s PT-co3-for PT-12s-for 9 
3 12s - nad5 PT-12s-rev   PT-nad5-for 3.5 
4 nad5 - cob PT-nad5-rev  PT-cob-rev 1.5 
5 cob - co1 PT-cob-for  PT-co1-rev 3 
Panulirus versicolor 
1 cox1 - cox3 PV-co1-for PV-co3-rev 3.5 
2 cox3 - nad5 PV-co3-for PV-nad5-for 2.5 
3 nad5 - cob PV-nad5-rev PV-cob-rev 4 
4 cob - 16s PV-cob-for PV-16s-for 2 
5 16s - cox1 PV-16s-rev  PV-co1-rev 5 
Scyllarides latus 
1 cox1 - cox3 SL-co1-for SL-co3-rev2 3.5 
2 cox3 - cob SL-co3-for2 SL-cob-rev 7 
3 cob - 16s SL-cob-for SL-16s-for 2 
4 16s - cox1 SL-16s-rev SL-co1-rev 6 
Procambarus fallax f. virginalis 
1 12s - nad5 mc-12S-FOR mc-ND5-REV 7 
2 nad5 - cox3 mc-ND5-FOR mc-CO3-REV 6 
3 cox3 - 12s MK-gap-for MK-gap-rev 3.5 
Homarus gammarus 
1 cox1 - cox3 HG-co1-for HG-co3-rev 3.5 
2 cox3 - 12s HG-co3-for HG-12s-rev 2.5 
3 12s - cob HG-12s-for HG-cob-for 4 
4 cob - co1 HG-cob-rev HG-co1-rev 5 
Enoplometopus occidentalis 
1 cox1 - cox3 EO-co1-for EO-co3-rev 3.5 
2 cox3 - nad5 EO-co3-for EO-nad5-for 3 
3 nad5 - cob EO-nad5-rev EO-cob-rev 4 
4 cob - 12s EO-cob-for EO-12s-for 4 
5 12s - cox1 EO-12s-rev EO-co1-rev 2 
Calocaris macandreae 
1 cox1 - cox3 CM-co1-for CM-co3-rev 5 
2 cox3 - nad5 CM-co3-for CM-nad5-for 2 
3 nad5 - cob CM-nad5-rev  CM-cob-rev 4.5 
4 cob - 12s CM-cob-for CM-12s-for 6 
5 12s - cox1 CM-12s-rev CM-co1-rev 1.5 
Neaxius acanthus 
1 cox1-cox3 NA-co1-for NA-co3-rev 3.5 
2 cox3-nad5 NA-co3-for NA-nad5-for 2.5 
3 nad5-cob CM-cob-for3 Apcal-12s-for 2 
4 cob-12s NA-nd5-rev CM-cob-rev 3 
Corallianassa coutierei 
1 cox1-nad5 CC-co1-for2 CC-nad5-for 8 
2 nad5-cob CC-nad5-rev CC-cob-rev 3 
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3 cob-12s CC-cob-for CC-12s-for 2 
4 12s-cox1 CC-12s-rev CC-co1-rev 2.5 
Upogebia pusilla 
1 cox1-cox3 UP-co1-for UP-co3-rev 3 
2 cox3-nad5 UP-co3-for UP-nad5-for 2.5 
3 nad5-cob UP-nad5-rev2 UP-cob-rev 2.5 
4 cob-12s UP-cob-for UP-12s-for 6 
5 12s-cox1 UP-12s-rev UP-co1-rev 2 
Neopetrolisthes maculatus 
1 cox1 - cox2 NM-co1-for Shin-co2-rev 1 
2 cox2 - cox3 NM-co2-for NM-co3-rev 3.5 
3 cox3 - nad5 NM-co3-for NM-nad5-for 1.5 
4 nad5 - cob NM-nad5-rev NM-cob-rev 4.5 
5 cob - 12s NM-cob-for NM-12s-for 4 
6 12s - cox1 NM-12s-rev NM-co1-rev 1.5 
Cryptolithodes sitchensis 
1 nad1 CS-nad1-for PL-nad1-rev 0.8 
2 nad4 PL-nad4-for PL-nad4-rev 0.7 
3 cox1 - cox2 CS-co1-for CS-co2-rev 1.5 
4 cox2 - cox3 CS-co2-for CS-co3-rev 3.5 
5 cox3 - nad5 CS-co3-for CS-nad5-for 1.5 
6 nad5 - nad4 CS-nad5-rev4 CS-nad4-for 2 
7 nad4 - cob CS-nad4-rev2 CS-cob-rev4 2.5 







Table S3: Mitochondrial organization of 10 c omplete sequenced decapods and 3 a lmost complete 
sequenced decapods.  
a Plus strand (+)/minus strand (-). 
b Numbers correspond to the nucleotides separating different genes. Negative numbers indicate 
overlapping nucleotides between adjacent genes. 
Incomplete termination codon likely extended via post-transcriptional adenylation: 
Mitochondrial gene profile of Stenopus hispidus 
Feature Stranda 




Begin Ends Start Stop 
cox1 + 1 1539 1539 ATG TAA -5 
trnL2 (UAA) + 1535 1598 64   2 
trnL1 (UAG) + 1601 1665 65   4 
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cox2 + 1670 2359 690 ATG TAA -2 
trnK + 2358 2424 67   -2 
trnD + 2423 2485 63   0 
atp8 + 2486 2643 158 ATG TAA -6 
atp6 + 2638 3309 672 ATG TAA -17 
cox3 + 3293 4105 813 ATG TAA 3 
trnG + 4109 4176 68   0 
nad3 + 4177 4530 354 ATG TAA -4 
trnR + 4530 4596 67   -1 
trnA + 4598 4664 67   0 
trnE + 4665 4731 67   -1 
trnN + 4731 4794 64   0 
trnS1 (UCU) + 4795 4859 65   3 
trnF - 4926 4863 64   0 
nad5 - 6642 4927 1716 ATG TAA 8 
trnH - 6715 6651 65   1 
nad4 - 8057 6717 1341 ATG TAA -1 
nad4L - 8347 8057 291 ATG TAA 2 
trnT + 8350 8414 65   0 
trnP - 8479 8415 65   3 
nad6 + 8483 9001 519 ATG TAA -1 
cob + 9001 10137 1137 ATG TAA -1 
trnS2 (UGA) + 10137 10203 67   0 
nad1 - 11136 10204 933 ATG TA 0 
rrnL - 12490 11137 1354   0 
trnV - 12559 12491 69   0 
rrnS - 13381 12560 822   0 
trnQ - 13445 13382 64   0 
Control region + 13446 14158 713   0 
trnM + 14159 14224 66   6 
trnI + 14231 14293 63   29 
nad2 + 14323 15318 996 ATG TAA -2 
trnW + 15317 15384 68   1 
trnC - 15448 15386 63   0 
trnY - 15510 15449 62   17 
Mitochondrial gene profile of Polycheles typhlops 
Feature Stranda 




Begin Ends Start Stop 
cox1 + 1 1536 1536 ATG TAA 1 
trnL2 (UAA) + 1538 1603 66   7 
cox2 + 1611 2312 702 ATG TAA -20 
trnK + 2293 2361 69   0 
trnD + 2362 2428 67   0 
atp8 + 2429 2587 159 ATG TAA -7 
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atp6 + 2581 3255 675 ATG TAA -1 
cox3 + 3255 4046 792 ATG TAA -2 
trnG + 4045 4109 65   0 
nad3 + 4110 4463 354 ATG TAA 18 
trnA + 4482 4542 61   26 
trnH - 4569 4633 65   4 
nad4 - 4638 5978 1341 ATG TAA -7 
nad4L - 5972 6274 303 ATG TAA 2 
trnT + 6277 6343 67   0 
trnP - 6344 6412 69   -19 
nad6 + 6394 6921 528 ATA TAA 44 
trnS2 (UGA) + 6966 7033 68   0 
ncr  7034 7218 185   0 
nad1 - 7219 8159 941 ATA TA 34 
trnL1 (UAG) - 8194 8265 72   0 
rrnL - 8266 9603 1338   0 
trnV - 9604 9675 72   0 
rrnS - 9676 10592 917   0 
trnQ - 10593 10661 69   3 
trnC - 10695 10764 70   5 
trnY - 10770 10845 76   8 
trnI + 10854 10923 70   38 
trnR + 10962 11027 66   1 
trnN + 11029 11098 70   -2 
trnS1 (UCU) + 11097 11164 68   2 
trnE + 11167 11234 68   -2 
trnF - 11233 11299 67   0 
nad5 - 11300 13037 1738 ATG T 0 
ncr  13038 13219 182   0 
cob + 13220 14356 1137 ATA T 0 
ncr  14357 15060 704   0 
trnM + 15061 15131 71   0 
nad2 + 15132 16110 979 ATG TAA -2 
trnW + 16109 16177 69   44 
Mitochondrial gene profile of Panulirus versicolor 
Feature Stranda 




Begin Ends Start Stop 
cox1 + 1 1539 1539 ACG TAA -5 
trnL2 (UAA) + 1535 1598 64   5 
cox2 + 1602 2289 688 ATG T 0 
trnK + 2290 2354 65   10 
trnD + 2365 2427 63   0 
atp8 + 2428 2586 159 ATG TAA -7 
atp6 + 2580 3257 678 ATG TAA -1 
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cox3 + 3257 4048 792 ATG TAA -1 
trnG + 4048 4113 66   0 
nad3 + 4114 4465 352 ATC T 0 
trnA + 4466 4528 63   2 
trnR + 4531 4594 64   4 
trnN + 4599 4664 66   0 
trnS1 (UCU) + 4665 4732 68   0 
trnE + 4732 4803 72   6 
trnF - 4810 4877 68   -3 
nad5 - 4875 6606 1732 ATG T 0 
trnH - 6607 6672 66   -1 
nad4 - 6672 8012 1341 ATG TAA -7 
nad4L - 8006 8308 303 ATG TAA 2 
trnT + 8311 8377 67   0 
trnP - 8378 8444 67   2 
nad6 + 8447 8962 516 ATT TAA 0 
cob + 8963 10097 1135 ATG T 0 
trnS2 (UGA) + 10098 10165 68   30 
nad1 - 10196 11140 945 ATT TAA 40 
trnL1 (UAG) - 11181 11250 70   0 
rrnL - 11251 12608 1358   0 
trnV - 12609 12680 72   2 
rrnS - 12683 13577 895   0 
Control region + 13578 14359 782   0 
trnI + 14360 14425 66   -3 
trnQ + 14423 14491 69   9 
trnM + 14501 14568 68   0 
nad2 + 14569 15570 1002 ATG TAA -2 
trnW + 15569 15637 69   -1 
trnC - 15637 15702 66   0 
trnY - 15703 15767 65   0 
Mitochondrial gene profile of Scyllarides latus 
Feature Stranda 




Begin Ends Start Stop 
cox1 + 1 1539 1539 ACG TAA -5 
trnL2 (UAA) + 1535 1599 65   6 
cox2 + 1606 2318 713 ATG TA -25 
trnK + 2294 2359 66   1 
trnD + 2361 2423 63   0 
atp8 + 2424 2581 158 ATG TA -6 
atp6 + 2576 3256 681 ATG TAA -1 
cox3 + 3256 4047 792 ATG TAA -1 
trnG + 4047 4111 65   -3 
nad3 + 4109 4464 356 ATA TA -1 
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trnA + 4464 4530 67   0 
trnR + 4531 4594 64   1 
trnN + 4596 4660 65   0 
trnS1 (UCU) + 4661 4727 67   0 
trnE + 4728 4797 70   2 
trnF - 4800 4864 65   0 
nad5 - 4865 6596 1732 ATC T -3 
trnH - 6594 6658 65   0 
nad4 - 6659 7997 1339 GTG T -7 
nad4L - 7991 8293 303 ATG TAA 2 
trnT + 8296 8360 65   0 
trnP - 8361 8425 65   2 
nad6 + 8428 8943 516 ATT TAA -1 
cob + 8943 10081 1139 ATG T -4 
trnS2 (UGA) + 10078 10147 70   0 
nad1 - 10179 11168 990 ATA TAA -6 
trnL1 (UAG) - 11163 11231 69   0 
rrnL - 11232 12567 1336   0 
trnV - 12568 12640 73   0 
rrnS - 12641 13538 898   0 
Control region + 13539 14248 710   0 
trnI + 14249 14313 65   -3 
trnQ + 14311 14379 69   12 
trnM + 14392 14460 69   0 
nad2 + 14461 15468 1008 ATG TAA -2 
trnW + 15467 15535 69   -1 
trnC - 15535 15599 65   0 
trnY - 15600 15663 64   0 
Mitochondrial gene profile of Procambarus fallax f. viginalis 
Feature Stranda 




Begin Ends Start Stop 
cox1 + 1 1536 1536 ACG TAA 1 
trnL2 (UAA) + 1538 1600 63   0 
cox2 + 1601 2288 688 GTG T 0 
trnK + 2289 2351 63   2 
trnD + 2354 2419 66   0 
atp8 + 2420 2577 158 ATG TA 6 
atp6 + 2572 3246 675 ATG TAA -1 
cox3 + 3246 4034 789 ATG TAA -2 
trnG + 4033 4094 62   0 
nad3 + 4095 4447 353 ATT TA -1 
trnA + 4447 4507 61   3 
trnR + 4511 4571 61   0 
trnE + 4572 4632 61   0 
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Control region  4633 5121 489    0 
trnQ - 5190 5122 69   0 
trnS1 (UCU) - 5257 5191 67   0 
trnN - 5321 5258 64   0 
rrnS + 5322 6190 869   1 
trnV + 6192 6261 70   0 
rrnL + 6262 7528 1267   0 
trnL1 (UAG) + 7529 7590 62   24 
nad1 + 7651 8556 942 ATA TAA 9 
trnP + 8566 8629 64   2 
trnS2 (UGA) - 8695 8632 64   0 
cob - 9830 8696 1134 ATG T -1 
nad6 - 10339 9830 510 ATA TAA 24 
trnT - 10429 10364 66   2 
nad4L + 10432 10725 294 ATG TAA -1 
nad4 + 10725 12068 1344 ATG TAA -1 
trnH + 12068 12131 64   3 
nad5 + 12135 13865 1731 ATA TAA -1 
trnF + 13865 13928 64   -1 
trnI + 13928 13993 66   4 
trnM + 13998 14064 67   -15 
nad2 + 14050 15057 1008 ATT TAA -2 
trnW + 15056 15122 67   1 
trnC - 15187 15124 64   0 
trnY - 15252 15188 65   1 
Mitochondrial gene profile of Homarus gammarus 
Feature Stranda 




Begin Ends Start Stop 
cox1 + 1 1539 1539 ACG TAA 5 
trnL2 (UAA) + 1535 1599 65   0 
cox2 + 1600 2299 699 ATG T -12 
trnK + 2288 2356 69   1 
trnD + 2356 2410 55   10 
atp8 + 2421 2579 159 ATG TAA -7 
atp6 + 2573 3247 675 ATG TAA 1 
cox3 + 3247 4038 792 ATA TAA 2 
trnG + 4041 4105 65   0 
nad3 + 4106 4459 354 ATT TA -2 
trnA + 4458 4521 64   1 
trnR + 4523 4588 66   0 
trnN + 4589 4644 56   8 
trnS1 (UCU) + 4653 4722 70   15 
Control region + 4738 5254 517   0 
rrnS + 5255 6101 847   3 
155 
 
trnV + 6105 6177 73   2 
rrnL + 6180 7517 1338   -3 
trnL1 (UAG) + 7515 7580 66   25 
nad1 + 7604 8568 965 ATA TAA 22 
trnS2 (UGA) - 8591 8660 70   -4 
cob - 8657 9795 1139 ATG TA -1 
nad6 - 9795 10331 537 ATT TAA -16 
trnP + 10316 10380 65   0 
trnT - 10381 10446 66   2 
nad4L + 10449 10751 303 ATG TAA -5 
nad4 + 10745 12084 1340 ATG TA 0 
trnH + 12085 12149 65   -3 
nad5 + 12147 13878 1732 ACC T 0 
trnF + 13879 13944 66   1 
trnE - 13986 14051 66   37 
trnW + 14089 14155 67   29 
trnC - 14185 14251 67   -2 
trnY - 14252 14316 65   0 
Mitochondrial gene profile of Enoplometopus occidentalis 
Feature Stranda 




Begin Ends Start Stop 
cox1 + 1 1539 1539 ACG TAA -5 
trnL2 (UAA) + 1535 1600 66   0 
cox2 + 1601 2296 696 ATG T -8 
trnK + 2289 2352 64   3 
trnD + 2356 2420 65   0 
atp8 + 2421 2578 158 ATG TA -6 
atp6 + 2573 3247 675 ATG TAA -1 
cox3 + 3247 4038 792 ATG TAA 3 
trnG + 4042 4107 66   0 
nad3 + 4108 4461 354 ATG TA -2 
trnA + 4460 4522 63   3 
trnR + 4526 4589 64   0 
trnN + 4590 4656 67   -1 
trnS1 (UCU) + 4657 4724 68   0 
trnE + 4724 4789 66   -1 
trnF - 4854 4789 66   -20 
nad5 - 6583 4835 1749 ATG TAA 0 
trnH - 6649 6584 66   -1 
nad4 - 7989 6649 1341 ATG TA -7 
nad4L - 8285 7983 303 ATG TAA 2 
trnT + 8288 8352 65   0 
trnP - 8419 8353 67   -16 
nad6 + 8404 8940 537 ATG TAA -1 
156 
 
cob + 8940 10076 1137 ATG TA -2 
trnS2 (UGA) + 10075 10144 70   26 
nad1 - 11115 10171 945 ATG TAA 19 
trnL1 (UAG) - 11202 11135 68   0 
rrnL - 12534 11203 1332   0 
trnV - 12608 12535 74   0 
rrnS - 13464 12609 856   0 
Control region + 13465 14209 745   0 
trnI + 14210 14275 66   -3 
trnQ - 14273 14341 69   -3 
trnM + 14339 14406 68   0 
nad2 + 14407 15111 705 ATG T 0 
Mitochondrial gene profile of Calocaris macandreae 
Feature Stranda 




Begin Ends Start Stop 
trnM + 30 98 69   0 
nad2 + 99 1088 990 ATC TAA -2 
trnW + 1087 1151 65   -1 
trnC - 1151 1220 70   2 
trnY - 1223 1288 66   7 
cox1 + 1296 2831 1536 ATG TAA 0 
ncr  2832 3018 187   0 
trnL2 (UAA) + 3019 3082 64   0 
ncr  3083 3200 118   0 
trnL1 (UAG) + 3201 3263 63   0 
ncr  3264 3345 82   0 
cox2 + 3346 4029 684 ATG TAA 9 
trnK + 4039 4103 65   0 
atp8 + 4104 4260 157 GTG T -5 
atp6 + 4256 4930 675 ATG TAA 11 
trnV + 4942 5006 65   4 
trnG + 5011 5075 65   0 
nad3 + 5076 5428 353 ATT TA 8 
cox3 + 5437 6228 792 ATG TAA 11 
trnA + 6240 6303 64   3 
trnR + 6307 6370 64   1 
trnN + 6372 6438 67   -3 
trnS1 (UCU) + 6436 6502 67   -1 
trnE + 6502 6566 65   -2 
trnF - 6565 6627 63   -1 
nad5 - 6627 8356 1730 ATC TA -3 
trnH - 8354 8417 64   0 
ncr  8418 8586 169   0 
nad4 - 8587 9920 1334 ATG TA -7 
157 
 
nad4L - 9914 10213 300 ATG TAA 2 
trnT + 10216 10279 64   0 
trnP - 10280 10343 64   2 
nad6 + 10346 10870 525 ATT TAA -20 
cob + 10851 11987 1137 ATG TAA 1 
trnS2 (UGA) + 11989 12058 70   26 
nad1 - 12085 13026 942 ATT TAA 0 
ncr  13027 14749 1723   0 
rrnL - 14750 16091 1342   0 
rrnS - 16092 16985 894   - 
Mitochondrial gene profile of Neaxius acanthus 
Feature Stranda 




Begin Ends Start Stop 
cox1 + 1 1454 1452 - TAA 2 
trnL1 (UAG) + 1457 1519 63   2 
trnL2 (UAA) + 1522 1586 65   0 
cox2 + 1587 2296 710 ATG TA -24 
trnK + 2273 2338 66   1 
atp8 + 2340 2497 158 ATG TA -6 
atp6 + 2492 3166 675 ATG TAA -1 
trnG + 3166 3229 64   0 
trnV + 3230 3295 66   -11 
nad3 + 3285 3650 366 ATG TAA 4 
cox3 + 3655 4445 791 ATG TA -1 
trnA + 4445 4510 66   -1 
trnR + 4510 4572 63   0 
trnN + 4573 4638 66   0 
trnS1 (UCU) + 4639 4706 68   0 
trnE + 4707 4770 64   -2 
trnF - 4769 4831 63   -1 
nad5 - 4831 6558 1728 ATG TAA 0 
trnH - 6559 6622 64   -1 
nad4 - 6622 7962 1341 ATG TAA -7 
nad4L - 7956 8258 303 ATG TAA 2 
trnT + 8261 8325 65   0 
trnP - 8326 8390 65   0 
nad6 + 8391 8901 511 AAT TAA -2 
cob + 8900 10034 1135 ATG T 0 
trnS2 (UGA) + 10035 10101 67   49 
nad1 - 10151 11089 939 ATA TAA 42 
rrnL - 11132 12470 1339   0 
rrnS - 12471 12662 192   - 
Mitochondrial gene profile of Corallianassa coutierei 
Feature Stranda Position number Length Codon IGNb 
158 
 
Begin Ends (bp) Start Stop 
cox1 + 1 1539 1539 ATG TAA -5 
trnL1 (UAG) + 1535 1600 66   0 
trnL2 (UAA) + 1601 1665 65   1 
cox2 + 1667 2353 687 ATG TAA 7 
trnK + 2361 2426 66   3 
atp8 + 2430 2591 162 ATG TAA -7 
atp6 + 2585 3257 673 ATG T 0 
trnG + 3258 3322 65   15 
trnV + 3338 3404 67   0 
nad3 + 3405 3757 353 ATT TA 17 
cox3 + 3773 4561 789 ATG TAA 6 
trnA + 4568 4634 67   3 
trnR + 4638 4701 64   -1 
trnN + 4701 4769 69   0 
trnS1 (UCU) + 4770 4836 67   -1 
trnE + 4836 4901 66   -2 
trnF - 4900 4966 67   0 
nad5 - 4967 6689 1723 ATG T 0 
trnH - 6690 6756 67   -1 
nad4 - 6756 8102 1347 ATG TAA -7 
nad4L - 8096 8401 306 ATG TAA 2 
trnT + 8404 8471 68   0 
trnP - 8472 8538 67   -15 
nad6 + 8524 9045 522 ATA T -2 
cob + 9044 10179 1136 ATG TA 0 
trnS2 (UGA) + 10180 10245 66   20 
nad1 - 10266 11239 974 ATT TA 0 
rrnL - 11240 12643 1404   0 
rrnS - 12644 13411 768   0 
trnI + 13412 13480 69   0 
Control region + 13481 14090 610   0 
trnQ + 14091 14160 70   -3 
trnD + 14158 14225 68   -1 
trnM + 14225 14291 67   -3 
nad2 + 14289 15284 996 ATG TAA -2 
trnW + 15283 15350 68   -1 
trnC - 15350 15413 64   0 
trnY - 15414 15478 65   3 
Mitochondrial gene profile of Upogebia pusilla 
Feature Stranda 




Begin Ends Start Stop 
cox1 + 1 1538 1538 ACG TA -4 
trnL2 (UAA) + 1535 1602 68   1 
159 
 
trnL1 (UAG) + 1604 1668 65   5 
cox2 + 1674 2378 705 ATG TAA -20 
trnK + 2359 2426 68   -1 
trnD + 2426 2490 65   0 
atp8 + 2491 2649 159 ATG TAA -7 
atp6 + 2643 3317 224 ATG TAA -1 
cox3 + 3317 4106 790 ATG T 0 
trnG + 4107 4171 65   0 
nad3 + 4172 4525 354 ATT TAA 0 
trnA + 4524 4589 66   -2 
trnR + 4590 4652 63   0 
trnN + 4652 4717 66   -1 
trnS1 (UCU) + 4717 4785 69   -1 
trnE + 4785 4851 67   2 
trnF - 4854 4919 66   0 
nad5 - 4920 6648 1729 ATG T 0 
trnH - 6649 6713 65   1 
nad4 - 6715 8055 1341 ATG TAA -7 
nad4L - 8049 8351 303 ATG TAA 1 
trnT + 8353 8420 68   0 
trnP - 8421 8486 66   2 
nad6 + 8489 8998 510 ATT TAA -1 
cob + 8998 10134 1137 ATG TAA -2 
trnS2 (UGA) + 10133 10200 68   2 
trnI  10203 10269 67   14 
nad1 - 10284 11240 957 ATA TAA 0 
rrnL - 11241 12647 1407   0 
trnV - 12648 12718 71   0 
rrnS - 12719 13590 872   0 
Control region + 13591 14242 652   0 
trnQ - 14243 14311 69   8 
trnC - 14320 14385 66   0 
trnY - 14386 14453 68   -1 
trnM + 14543 14612 70   -1 
nad2 + 14612 15613 1002 ATT TAA -2 
trnW + 15612 15677 66   3 
Mitochondrial gene profile of Neopetrolisthes maculatus 
Feature Stranda 




Begin Ends Start Stop 
cox1 + 1 1539 1539 ACG TAA -5 
trnL2 (UAA) + 1535 1600 66   4 
cox2 + 1605 2289 685 ATG T 0 
trnK + 2290 2354 65   1 
trnG + 2356 2418 63   -3 
160 
 
nad3 + 2416 2769 354 ATA TAA -2 
trnA + 2768 2831 64   2 
trnI + 2834 2897 64   -1 
trnM + 2897 2961 65   0 
nad2 + 2962 3955 994 ATT T 0 
trnD + 3956 4021 66   0 
atp8 + 4022 4180 159 ATG TAA -7 
atp6 + 4174 4848 675 ATG TAA -1 
cox3 + 4848 5639 792 ATG TAA 4 
trnR + 5644 5708 65   0 
trnN + 5709 5772 64   0 
trnS1(UCU) + 5773 5838 66   0 
trnE + 5839 5905 67   -1 
trnF - 5905 5967 63   -1 
nad5 - 5967 7691 1725 ATC TAA -3 
trnH - 7689 7752 64   0 
nad4 - 7753 9088 1336 ATG T 1 
nad4L - 9082 9384 303 ATG TAA 2 
trnT + 9387 9450 64   18 
nad6 + 9469 9981 513 ATT TAA -1 
cob + 9981 11132 1152 ATG TAA -17 
trnS2 (UGA) + 11116 11183 68   3 
trnP - 11187 11252 66   2 
nad1 - 11255 12211 957 TTA TAA 6 
trnL1 (UAG) - 12218 12284 67   0 
rrnL - 12285 13594 1310   0 
trnV - 13595 13668 74   0 
rrnS - 13669 14509 841   0 
Control region + 14510 15056 547   0 
trnW + 15057 15125 69   0 
trnQ - 15126 15192 67   0 
trnC - 15193 15255 63   -1 
trnY + 15255 15319 65   5 
Mitochondrial gene profile of Cryptolithodes sitchensis 
Feature Stranda 




Begin Ends Start Stop 
rrnS - 1 415 415   0 
trnW + 416 484 69   1 
trnQ - 486 554 69   2 
trnC - 557 624 68   9 
cox1 + 634 2171 1538 ACG TA 13 
trnL2 (UAA) + 2185 2251 67   1 
trnL1 (UAG) + 2253 2320 68   30 
cox2 + 2351 3040 690 ATG TAA 11 
161 
 
trnK + 3052 3118 67   0 
trnG + 3119 3183 65   -3 
nad3 + 3181 3537 357 ATA TAA 8 
trnA + 3546 3611 66   10 
trnI + 3622 3688 67   0 
trnM + 3689 3756 68   29 
trnD + 3786 3850 65   -8 
nad2 + 3943 4953 1011 ATG TAA 53 
atp8 + 5007 5165 159 ATT TAA -7 
atp6 + 5159 5833 675 ATG TAA -1 
cox3 + 5833 6624 792 ATG TAA 28 
trnR + 6653 6714 62   0 
trnN + 6715 6782 68   0 
trnS1(UCU) + 6783 6850 68   3 
trnE + 6854 6923 70   -2 
trnF - 6922 6988 67   -1 
nad5 - 6988 8700 1713 ATT TAA 0 
trnH - 8701 8767 67   0 
nad4 - 8768 10116 1349 ATG TA -7 
nad4L - 10110 10412 303 ATG TAA 11 
trnT + 10424 10490 67   9 
nad6 + 10500 11048 549 ATT TAA -18 
cob + 11029 12155 1137 ATG TAA 78 
trnS2 (UGA) - 12234 12301 68   45 
trnY + 12347 12413 67   0 
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